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Abstract

The Small Island Developing States (SIDS) face a myriad of energy challenges due to their
dependence on imported fossil fuels and increased rates of natural disasters, resulting in
high electricity costs and grid instability. Marine current energy continues to be an emerging
energy technology because of high installation and maintenance costs; however, the large
resource availability makes it a promising resource for islands. This study is a techno-
economic evaluation of a novel bridge-supported marine current energy system designed
for shallow-water deployment, using the U.S. Virgin Islands as a case study. A bridge
support structure is proposed that will allow for ease of installation and maintenance within
local systems. The National Renewable Energy Laboratory (NREL) Reference Model 4 was
used as the framework for the technical design and cost estimates and was adjusted based
on economies-of-scale relationships. We develop an estimate for the levelized cost of energy
(LCOE) for installations for a range of deployments and perform sensitivity analysis over
current velocity correction factors, turbine size, and interest rate. The results indicate that a
three-unit installation for this case study will achieve an LCOE of $1.13/kWh, while 100-unit
deployments can reduce the LCOE to $0.31/kWh. The technology becomes economically
competitive with the present electricity cost in the U.S. Virgin Islands—$0.42/kWh—at an
installed capacity of approximately 10 MW. These findings demonstrate the potential of
bridge-supported marine current energy systems to strengthen energy security and support
the renewable energy transition in the Caribbean and other Small Island Developing States.

Keywords: renewable energy; marine energy; levelized cost of energy; Caribbean energy
development; SIDS

1. Introduction
Energy has long been a challenging issue for island nations. The need for importing oil

and gas for traditional generating units has led to expensive and often unreliable electrical
systems. However, when looking at alternative energy sources, conventional renewable
energy technologies are often incompatible with island conditions. The land area for
solar power is often scarce; wind resources can be relatively low, especially for islands in
tropical and subtropical regions; and the limited freshwater availability, compounded by
droughts [1], along with the flat terrain of some regions can make hydropower difficult
to apply. However, island nations are surrounded by oceans, presenting a promising
energy resource. According to IRENA, the global resource potential from ocean and tidal
currents ranges between 20,000 TWh and 80,000 TWh of electricity per year [2]. Axial-
flow current turbines, also known as tidal turbines, convert the kinetic energy of moving
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water into electrical power and are typically deployed in locations with strong, predictable
currents [3].

At the same time, the energy systems of small island states face a myriad of challenges,
including structural vulnerabilities, high import dependence, and limited adaptability to
economic disruptions and natural disasters. Small Island Developing States (SIDS) are a
group of 39 states and 18 associating members that have similar economic and environmen-
tal challenges related to their geographical location and long-standing colonial impacts [4];
90% of the SIDS’s energy generation comes from imported petroleum, compared to the
global average of 21% [5,6]. This heavy fossil fuel dependence exposes the islands to price
volatility and potential supply disruptions. The aging infrastructure and the long-term
impacts of natural disasters further exacerbate the vulnerability of these locations due to
unreliable electrical networks and high restoration costs [7–11]. Financial constraints limit
the ability to modernize grids or invest in large-scale energy transition. Thus, identifying
resilient and locally available energy resources remains a priority.

Resource assessments for installed marine energy projects have identified high average
current speeds and water depths greater than 25 m as key criteria for site viability [12–14].
However, the SIDS are often characterized by moderate current speeds and shallower
bathymetry—conditions that can reduce the feasibility of traditional marine energy systems,
particularly fixed-bottom or floating tidal technologies [15,16]. In addition, these technolo-
gies often require specialized vessels and infrastructure for installation due to their size and
weight, making local fabrication unlikely. This reliance on imported expertise and equip-
ment may extend throughout the project life-cycle, including operation and maintenance
(O&M) requirements.

On the other hand, archipelagic topography often creates narrow channels between
islands that accelerate local currents. Case studies examining channel utilization worldwide
have shown that tidal projects installed in narrow channels have a higher overall power
coefficient than tidal projects in the open ocean [17–20]. These geographic features create
an opportunity to re-examine system design for island environments.

Although tidal energy can offer predictable generation profiles, high upfront capital
expenditures (CAPEX) and significant operating and maintenance expenditures (OPEX)
have led to limited installed capacity. The OPEX of marine energy is the highest among
variable renewable energy technologies and often contributes to project failure due to
higher-than-expected costs and project underperformance [21].

Most levelized cost of energy (LCOE) analyses for tidal systems focus on traditional
fixed seabed-mounted or floating platforms, which have high costs due to the need for
specialized vessels and offshore installation. These studies have highlighted the need for
more comprehensive cost data to improve the economic projections for the growth of this
technology [22–24]. Alternative structural approaches that can reduce the complexity and
cost of project development, particularly in the environmental conditions typical for the
SIDS, are limited in the present research.

This study presents a preliminary design and economic analysis of a bridge-supported
structure to accommodate an array of turbines, specifically targeting site conditions ob-
served for our case study in the US Virgin Islands. The proposed configuration is a bridge
structure that supports 29 turbines, positioned within shallow inter-island channels. By
elevating the support structure above sea level, the design improves accessibility for instal-
lation and maintenance while reducing dependence on offshore vessels. This design also
allows turbine placement near the sea surface, allowing operation in higher-velocity flow
regions and increasing energy extraction potential [25,26].
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This design is applied to channel conditions in the US Virgin Islands, using bathymetry
and current velocity data. This system is intended to be a scalable framework, adaptable to
other islands and coastal locations with similar characteristics, including shallow depths
and moderate current speeds. The primary objective of this paper is to evaluate the technical
feasibility and economic performance of the proposed bridge-supported tidal configuration
for SIDS applications. This is done by estimating the LCOE while varying deployment
scales, ranging from single-unit to 100-unit installations.

The rest of this paper is organized as follows: Section 2 describes the case study
location. Section 3 describes the technical design of our model and the bridge support
structure. Section 4 outlines the capital and operating cost estimates that are used to estimate
the LCOE. In Section 5, we summarize the LCOE results, and Section 6 discusses challenges
and implications for scaling and broader adoption in island contexts.

2. Case Study: US Virgin Islands
The US Virgin Islands (USVI) was selected for this case study due to having an energy

landscape typical of the SIDS, as well as the availability of resource data. The USVI has
one of the highest electricity costs in the country, rivaling the residential costs of Hawaii,
at $0.40–$0.42/kWh, and with commercial costs reaching as high as $0.47/kWh [27,28].
These costs are heavily dependent on the cost of imported fossil fuels, including diesel and
liquefied petroleum gas (LPG), which account for 47% and 51% of the energy consumption,
respectively, for the territory [29]. Consistent natural disaster impacts, along with aging
infrastructure and increased load, contribute to frequent power outages and system failure
across the territory [30,31].

The topography of the US Virgin Islands contains many natural channel formations
that can produce elevated current speeds and power densities relative to the surrounding
open ocean. These flow-constrained locations make promising sites for current energy ex-
traction. Examples of case studies on tidal streams include Pentland Firth and the Alderney
Race in Europe, where current speeds have been recorded to reach over 3 m/s [32,33]. The
NREL’s model reference deployment site was the Gulf Stream off the southeast coast of
Florida, due to its high current potential and average depth of 120 m [34].

In contrast, our site has an average depth of 6–8 m and more moderate current speeds.
We chose three channels in the US Virgin Islands across the St. Thomas/St. John district.
Figure 1 shows a satellite image of St. Thomas, with subfigures of the three channels that
we analyzed. These sites were selected because the channels exhibit similar dimensions of
approximately 150 m in length and have average current speeds of 1.4 m/s, indicating the
potential for acceptable power output. Site 1 is located on the west side of St. Thomas, with
the channel extending to a small land mass called West Cay. Sites 2 and 3 are located on
the southeast side of the island, with the channels extending from St. Thomas to an island
known as Great Saint James; the two channels are separated by another land mass known
as Current Rock. The three sites have depths varying between 6 and 8 m [35]. Our structure
and turbine specifications are identical for each site and will meet the minimum depth of 6
m. Each site will have identical bridge structures that extend from one land mass to the
corresponding land mass on the other side of the channel.

The identification of high-velocity sites was informed by local marine users, particu-
larly commercial fishermen who have extensive knowledge of the region’s flow conditions.
This knowledge, combined with a tidal resource assessment presented by [36], contributed
to the identification of the three candidate sites within this study and validated using
Ocean Modeling System data. Figure 2 presents one of the main high-opportunity indi-
cators, a map of the tidal steepness parameter from [37], which identifies locations in the
upper Caribbean region with high tidal opportunity. The sites with the highest tidal flow
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are located across the Virgin Islands, with one of the sites being on the southeast side of
St. Thomas.

Although these sites have individual qualities, they provide a reasonable initial test
case relevant for many of the SIDS. For example, the Bahamas, Fiji, and the Maldives also
each have a large cluster of islands like the Virgin Islands, with many natural channel
formations that have similar depths and current constraints.

(a)

(b) (c)

Figure 1. The three channels around St.Thomas and St. John selected for the case study. The purple
boxes are the locations of the sites in our case study. (a) Map of St. Thomas taken from Google Earth.
(b) Site 1 is a channel located on the northwest side of St. Thomas and an island called West Cay.
Picture taken from Google Maps. (c) Sites 2 and 3 are channels located at the southwest side of the
island from St. Thomas to Great St. James, with a land mass separating the two sites. Picture taken
from Google Maps.
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Figure 2. Tidal steepness parameter map taken from the USCROMS model, reproduced from
Mukherjee et al. (2023) [37] with permission from Springer Nature in 2025. Note that the large island
in the middle is PR; the red areas on the right at latitude 18 represent high tidal opportunities on the
southeast side of St Thomas and a small area on the southeast side of St John. The area at latitude 19
is northwest of St. Thomas.

3. Bridge-Supported Marine Energy System Design
In this section, we detail the key aspects of the technical design for the proposed

model. We start with a description of the NREL RM4 model and its parameters, followed
by an overview of our model and the primary design decisions. We explicitly evaluate
the structural feasibility and present the final design parameters used to estimate costs in
Section 4.

3.1. Technical Design Methodology

In 2015, the NREL presented a set of reference models for hydrokinetic and marine
energy converters [38]. Figure 3 shows the NREL’s RM4 marine energy converter. This
configuration is designed as a moored floating support structure with four attached turbine
rotors and one central rotor-less nacelle to house power electronics. Each rotor has a
diameter of 33 m, and the buoyant wing is 120 m long. An in-depth cost analysis was
performed for each component of the capital costs (CAPEX) and operating expenditures
(OPEX) [39,40].

Figure 3. Illustration adapted from the RM4 full-scale geometry. Reproduced with permission
from [39], with permission from Sandia National Laboratories, 2026.

One disadvantage of the RM4 configuration is the instability of the floating platform.
Moored renewable energy systems are found to drive many hydrodynamic issues that can
reduce mechanical efficiency and incur high project costs for installation, operation, and
maintenance [41–43]. In addition to this, the turbine size proposed in the NREL model can
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not be applied to sites shallower than 60 m in depth [44,45]. The largest hydrokinetic tidal
project that has been tested or is in phase for further development is a 17 m rotor [46]. Most
case studies that analyze larger turbines are theoretical due to technical limitations. This
depth requirement and lack of potential manufacturing opportunities make it an unlikely
energy option for the SIDS.

To make this more technically applicable for SIDS implementation, we adjusted the
design in [47] in the following ways:

1. Reduced the size of the rotor to 3 m in diameter and increased the number of turbines
to 29.

2. Introduced a fixed bridge support structure, using a Pratt-truss design.
3. Designed rotors to be suspended from the bridge support structure.

Figure 4 presents an illustration of our Pratt-truss bridge-supported design that is
150 m in length. The number of turbines installed on the bridge was driven by the depth
restriction of the three sites [48]. The choice of 29 turbines allows for maximum power
output while meeting technical channel system restrictions (i.e., blockage ratio, boundary
layer effects, etc.) and the structural loads [49,50]. These changes and their impacts on
capacity are detailed in Table 1.

Figure 4. Bridge model with the support structure above sea level and the 29 axial-flow turbines
hanging by cylindrical towers from a Pratt-truss bridge structure.

Table 1. Technical specifications for 1 unit.

NRELs RM4 Model Bridge Supported Model

Radius 16.5 m 1.5 m
Support Structure Length 120 150

Capacity (per turbine) 1000 kW 8.3 kW
Capacity (per unit) 4000 kW 239.7 kW

Number of Rotors per Unit 4 29

We introduce a fixed Pratt-truss support structure, with the turbines being supported
by towers connected to the base of the bridge. This configuration allows for an individual
nacelle that houses the power electronics to be stored above sea level, which can facilitate
easier operation and maintenance through access to both the rotors and power electronics
without special machinery. The tower length was determined based on sea-level rise,
maximum wave height recorded by the NOAA, and local tidal variations. The distance
between mean sea level and the bridge was selected at 8 m to reduce the effect of direct
wave loads on the bridge support structure. We assumed that the rotor has a cut-in
speed of 0.8 m/s and cut-out speed of 4 m/s, to replicate the NREL model. This was used
to determine annual energy production and thrust loads. More details are provided in
Section 3.2, and technical specifications of the bridge are detailed in Table 2. Note that the
NREL RM4 model has a symmetric structure and blade profile to operate in bidirectional
tidal current flows. As the mechanical components, including the blades and location of
the nacelle, are consistent with the original RM4 model, we will assume that the turbines
for our model will also operate bidirectionally.
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Table 2. Pratt-truss support structure characteristics.

Parameter Value

Bridge Structure

Bridge Length 150 m
Bridge Height (from base to top) 8.5 m

Bridge Width 5 m
Beam Length Between Joints 5 m

Number of Members (each side) 117
Number of Members Along Base 29

Maximum Load Before Self-Weight 3138 kN (705 kips)
Maximum Load After Self-Weight 15,427 kN (3468 kips)

W-Section Beam W14 × 311

Tower Structure

Tower Length 11 m
Tower Radius 20 cm

Tower Wall Thickness 1 cm
Round HSS Section HSS 16 × 0.438

3.2. Support Structure

Here, we explain the design choices, calculations, and assumptions made to deter-
mine structural feasibility. First, a Pratt-truss bridge was selected because it is stable over
longer distances [51,52]. Design decisions were driven by channel length, bridge structural
constraints, and hydrodynamic behaviors and specified through an iterative analysis of
member lengths and stress distributions. The two main loads considered in this study
are axial loads, for the truss structural analysis, and thrust loads, for the tower deflection
analysis. The axial loads created by the turbine, the weight of the supporting towers, and
the self-weight of the bridge create tension and compression forces on each member, which
have different magnitudes throughout the span of the bridge. To determine these forces,
we analyzed the truss structure as a 2D model and calculated the corresponding forces
for each individual member using the method of joints. Figure 5 shows a 2-dimensional
representation of our Pratt bridge with a turbine placed at each joint. This configuration
allows for the axial loads of the turbine to be transferred directly through the joint con-
nections, resulting in the ultimate design containing 29 turbines in total. The final bridge
truss structure has a total of 264 steel members (i.e., individual connecting beams). Member
dimensions were selected to prevent buckling and yield under the maximum loads experi-
enced at the center of the bridge [53]. The maximum force calculated was 3138 kN, given a
horizontal beam length of 5 m. According to the American Institute of Steel Construction
design specifications, a W14 × 311 I-beam would meet the load of the turbines and the
self-weight of the bridge [54].

Figure 5. 2D drawing of the Pratt truss bridge concept with 29 turbines hanging from the base of
the structure.

We note that although the bending moment created by the thrust force is not explicitly
modeled in the truss analysis, we account for it through conservative design assump-
tions within the thickness of the beams. This thickness was determined through the load
calculations and included in the iterative analysis of the members.

https://doi.org/10.3390/jmse14181723
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The turbine support tower is a cylindrical hollow beam that connects the turbine to
the bridge foundation. Each tower is analyzed as a cantilever beam that is fixed at one end
(connected to the bridge) and has a point load at the other end (the turbine). The length of
the cylinder is estimated above and below sea level. To determine the height of the bridge,
we consider the sea-level rise for the next 100 years and the height of extreme waves [35].
Therefore, the length of the cylinder from the bridge to sea level will be 8 m. The tower is
3 m from sea level to rotor hub to account for boundary-layer effects and the possibility of
floating debris. With these considerations, the final tower length is 11 m. To determine the
beam thickness, we use the maximum deflection equation (Equation (1)) that is used for
wind turbine tower deflection analysis [55]:

δmax =
FT L3

3EI
(1)

This equation uses the thrust force, FT ; the length of the tower, L; the steel modulus, E;
and the moment of inertia, I, which is a function of the tower’s inner and outer radius. A
Round HSS 16 × 0.438 was selected to meet the maximum deflection criteria after further
iterative analysis. See Table 2 for the dimensions and specifications of the bridge and tower.

We note that our structural study does not consider dynamic loads, including wind
and wave loads under extreme storm conditions, or seismic loads. This will be considered
in future design optimization work and will be used to validate some of these initial
member dimensions.

4. Capital and Operating Cost Estimation Analysis
Cost estimates for our model were derived from the published techno-economic analy-

sis of the RM4 model and informed by related studies to support a robust justification of our
assumptions [56,57]. Adjustments to this analysis were made to account for the structural
and environmental differences of our proposed model and are presented throughout this
section. We note that, for both models, we used the term “unit” to indicate a single structure
with the corresponding number of turbines attached; that is, in this case, a unit refers to
the bridge with 29 turbines. Other cost estimates for different turbine and farm sizes were
taken from [18,58] to develop our estimates and determine plausible ranges for projects of
this scale.

4.1. Cost Categories and Methods

CAPEX includes all costs associated with the installation and commissioning of the
technology. OPEX includes all costs that recur over the project’s lifetime [59]. CAPEX is di-
vided into five categories: The first category, Power Take-Off, encompasses all components
within the rotor nacelle assembly. The second category, Installation, includes cable landing,
transport, and device installation costs. We note that our support structure eliminates
some of the “infrastructural” needs associated with a moored support structure, most
particularly the maintenance vessel. The third category, Support Structure, is estimated
using the unit cost of steel and the cost of structural development, which is based on the
size of the bridge. The fourth category, Development, includes site assessment, permitting,
and project management. The fifth category, Contingency, accounts for unknown costs that
occur throughout the project development; we set this cost to be 8% of the CAPEX. Finally,
OPEX includes annual insurance, shore-side operations, and replacement parts.

We note that the operation and maintenance of any marine energy technology is very
complex and continues to be difficult to capture in marine energy studies. While this is the
case, our operation and maintenance values are taken from the NREL model and scaled
directly for the capacity of our system. The staging and operation site used for the RM4
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case study is in the strait between the east coast of Florida and Grand Bahama Island.
This means that the environmental and storm conditions under which the NREL model is
analyzed are relatively similar to our case study site; thus, we can assume similar operation
and maintenance logistics to address it. We note that there are two countervailing effects on
the OPEX costs: On the one hand, some of the advantages in our system (above-sea-level
nacelle and turbines closer to the surface, accessible from the bridge) are likely to reduce
OPEX costs. On the other hand, some of the challenges faced by the SIDS may increase
OPEX costs. Thus, other than removing the installation vessel, we have based our cost
estimates on the NREL study.

Some key assumptions applied to ensure consistency throughout our model are
as follows:

• The power coefficient, which is the ratio of power produced to the resource power
potential [60], is assumed to remain constant throughout the lifetime of the system

• Rotors are assumed to rotate with the tidal direction, consistent with the RM4 model

The following subsection, Section 4.2, describes how we estimate the cost of the
support structure. Then, Section 4.3 describes how we scale the cost estimates from the
RM4 to match our design, considering rotor size, capacity, and mass, as well as farm size.
Section 4.4 presents the resulting estimates for the capital and operating costs.

4.2. Support Structure Cost Analysis

The cost of the support structure is made up of two parts: the cost of the steel members,
and the structural development. Steel members include the beams of the bridge and the
towers that support the turbine. We assume that the cost of the beams is $1.00/lb/ft, which
gives a cost of $311/ft for each member [61]. Given the total amount of steel throughout
the bridge for all 264 members, the cost of the bridge is $1.75 million. The structural devel-
opment was based on similarly sized bridges and included the following considerations:
labor, equipment, concrete (for foundation at the ends of the bridge), bolts, welds, site
preparation, management, and transport of members [62]. A cost range for the structural
development of a heavy-duty bridge is $800–$1200 per square meter [63,64]. This results in
a cost range of $600,000–$900,000; we chose the middle estimate of $750,000 for our analysis.
After dividing by the capacity for the 1-unit array of 2.636 MW, our resulting CAPEX cost
is $7300/kW for the steel members and $3129/kW for the structural development, for a
1-unit array. We assume that the cost per kW of steel will remain the same as the farm size
increases. However, the structural development has been shown to reduce as production
increases; thus, we apply the farm scaling discussed in the subsection below [65].

4.3. Cost Scaling

Here, we describe the scaling equations that are used to move from the estimates in
the NREL literature to our model. Table 3 identifies the type of scaling applied to different
elements of the design and is detailed in the following subsections.

4.3.1. Cost Scaling by Turbine Radius

The size of the rotor directly determines the energy capture and the loads incurred
from the blades. The concept is that (1) the cost of the turbine blades, not including the rotor
nacelle assembly, will increase linearly with turbine radius; and (2) the power generated
by a rotor increases with the square of the radius. This implies that the cost per kW will
decrease linearly in the radius. Thus, the equation for scaling the cost by the radius is
as follows:

Cr1 = Cr2 ∗
r2

r1
(2)
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where Cri is the cost of a unit with radius ri. This relationship accounts for reduced material
usage and reduced energy capacity in smaller rotors. This scaling is applied to the rotor
size. Details of the equation derivation are presented in Appendix A.

Table 3. Scaling breakdown. We note that all components are scaled with the capacity of the
installation; thus, we do not put this in the table.

Elements Scaling

CAPEX

Power Take-Off

Rotor Scaled w/Radius

Nacelle No scaling 1

Installation

Cable Shore Landing Scaled with per-unit capacity

Device Installation Scaled with mass

Cabling No scaling

Transport to Site No scaling

Support Structure

Amount of Steel N/A

Bridge Installation and Fabrication N/A

Development

All Elements Scaled with per-unit capacity

OPEX

All Elements Scaled with per-unit capacity
1 Note that all costs are calculated on a per-capacity basis, per kW. Thus, elements that have a fixed cost per kW
regardless of the scale, are identified as “no scaling” in the table.

4.3.2. Cost Scaling Per-Unit Capacity

The scaling based on unit capacity is applied to the Development, OPEX, and cable
shore landing. We assume that these three items have a cost that is largely fixed and
independent of the size of the project. This scaling is applied to the entire unit, rather than
the individual turbines. The equation for this scaling is as follows:

Cr1 = Cr2 ∗
Q2

Q1
(3)

For this equation, Qi represents the power capacity of unit i, measured in kW. Note
that our unit has a capacity of 240 kW and the NREL’s model has a unit capacity of 4000 kW.
Thus, we will see an increase in the cost per unit of capacity for our estimates.

4.3.3. Cost Scaling by Mass

Device installation costs are assumed to scale with mass. The assumption is that
heavier equipment is more costly to install, requiring specialized equipment and safety
protocols. Thus, Equation (4) implies a reduction in per kW cost for smaller turbines.
Installation costs include lifting, vessels, and handling requirements, and all depend on
unit size and mass. The NREL turbine nacelle weighs 100 times more than our turbine,
which weighs approximately 3.5 tons [66–68]. A multiplier of 29/4 is applied to our baseline
value to account for the difference in the number of turbines.
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With similar procedures and common variables, as seen in the previous sections, we
utilize the resulting equation, with mi representing the weight of the nacelle i in tons:

Cm1 = Cm2 ∗
m1

m2
∗ 29

4
(4)

4.3.4. Cost Scaling by the Total Capacity

Finally, we consider how the size of the farm impacts the cost. As the number of
units increases, we see the benefit from economies of scale due to shared infrastructure
and manufacturing, as described in [69,70]. We use data from the NREL and Sandia [71]
and translate the installations into total capacity to estimate the scaling factor for each
component, k. This analysis provides estimates for farm sizes with capacity of single-, 10-,
50-, and 100-unit installations.

C2k = C1k ∗ (
Q2

Q1
)xk (5)

Cik is the cost per kW of component k in design i; Qi is the capacity of the farm for
design i. The exponent, xk, represents the implicit scaling factor that we estimated from the
NREL model for each component k.

First, we used Equation (5) to estimate the scaling factor for each cost component of
the NREL reference model. Then, we used these exponents in Equation (5) to estimate the
returns to scale in our model. We note that, while the scaling equation assumes a constant
exponent (xk) for every increase in scale, in some cases the NREL cost model resulted
in different values of xk at different deployment scales (e.g., 1–10 units versus 1–50 or
100 units). In these cases, we applied the scale factor that was estimated from the particular
case that we were scaling; that is, we used the xk estimated from scaling 1 to 10 units to
estimate the returns to scale for 10 units, and the xk estimated from scaling 1 to 50 units for
that estimate.

4.4. Cost Estimation Results

In this section, we present the results of the cost estimation, including how the cost
changes as installed capacity increases. Table 4 summarizes the cost by category for 1-, 3-,
and 100-unit installations in $/kW, illustrating the impact of economies of scale. Figure 6
show how the cost distribution changes with increasing installed capacity. Overall, the
proposed system exhibits a high initial capital cost, with a single-unit installation exceeding
$90/W. This is substantially higher than the long-term cost targets for mature renewable
energy technologies and is also greater than the estimated cost of the NREL RM4 reference
model, which was estimated at $26/W. The key driver of cost is the relatively small
installed capacity due to the depth restriction of the site and number of deployment sites.
As deployment scale increases, shared costs are spread over a larger installed capacity,
resulting in significant reductions in the cost per kW.

Increasing the number of units installed at one time decreases costs by 43% when going
from 1 unit to 3 units, and by 80% for a 100-unit installation. The largest cost reductions
occur in Installation, Development, and OPEX, with each subcategory decreasing by more
than 85% for the 100-unit case. The Power Take-Off (PTO) and support structure show
the smallest reductions in cost. This is due to the limitation on turbine size driven by
the shallow depths of the channels. Support Structure costs remain nearly constant on
a per-capacity basis as capacity increases, given that this cost is dominated by the cost
of steel.
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Table 4. Cost breakdown of our model for 1, 3, and 100 units; measured in $/kW.

CAPEX ($/kW) 1-Unit 3-Unit 100-Unit

Power Take-Off 10,819 8846 5049

Installation 4044 1475 199

Support Structure 10,430 9654 8295

Development 59,649 27,984 2412

Contingency 6795 3837 1436

Total 91,737 52,704 17,392

OPEX 1081 9725 2636

Figure 6. Cost breakdown comparison for 1-unit and 100-unit farm configurations.

5. Levelized Cost of Energy Analysis
5.1. LCOE Estimation Methods

The levelized cost of energy (LCOE) measures the cost per unit energy over a technol-
ogy’s lifetime, accounting for discounting, in $/kWh. This can equivalently be thought
of as the break-even price of electricity for the technology. LCOE provides information as
a good first estimate of project economic performance and viability, as well as enabling
comparisons across technologies [72,73]. The LCOE accounts for the CAPEX, OPEX, and
the annual energy production (AEP), as well as the fixed charge rate (FCR), which uses
the interest rate and lifetime to convert investment costs into an annual equivalent [74].
CAPEX, OPEX, and the AEP all depend on the location’s resource availability and the
technology’s specifications [75–77].

The LCOE equation is as follows:

LCOE =
FCR ∗ CAPEX + OPEX

AEP
(6)

The FCR equation is as follows:

FCR =
r(1 + r)t

(1 + r)t − 1
(7)

We assume an interest rate, r, of 7.5%, consistent with the interest rate that the NREL
uses for wave energy converters [78]. The lifetime expectancy of the project, t, is 25 years.
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5.2. Annual Energy Production

The AEP is the amount of power that a technology produces over the span of one year
and is calculated using an hourly time series for data on the currents in the location [79].
The instantaneous power, P, from a turbine (in kW) can be estimated using the following
equation [80]:

P =
1
2

ρCpπR2v3 (8)

This equation estimates the average power generated over an hour, given the average
hourly velocity, v, in units of m/s. The symbols are as follows: ρ, the density of salt water,
1200 kg/m3; R, the radius of our turbines, 1.5 m; and Cp, the efficiency of a turbine in
converting the energy of current flow into electricity [60]. We assume an actuator disk
model for our system, with maximum turbine efficiency at the Betz limit. Thus, we estimate
that Cp = 16

27 [49,81]. We use this model for simplicity; it implies that the efficiency of this
technology will be close to the ideal value over time.

A year’s worth of velocity data, v, was extracted from the US Caribbean Regional
Ocean Modeling System (USCROMS) for each site selected and used to determine resource
potential and the AEP calculation.

While this software provides resource assessment of the region of interest, its 2 km
horizontal resolution limits its ability to accurately resolve flow magnitudes in narrow
channels and shallow coastal regions. Consequently, current velocities extracted from the
model likely underestimate the actual current magnitudes for the site. To address this
limitation, previous studies recommend applying a correction factor to the current velocity
data to account for the underestimation associated with hydrodynamic models. Based on
the resolution size of the software and the size of the channels selected, scaling factors
ranging from 1.5 to 6 can be applied, as described in [82–84]. We use a current scaling factor
of 4 for our case study analysis. While no formal data exists for these locations, this value
was selected based on observed current speeds reported by commercial fishing vessels.
These vessels use Acoustic Doppler Current Profilers (ADCPs), which can measure the
current speeds at various depths. In private communication with the authors, fishermen
reported an average current speed of 3 knots, equivalent to 1.5 m/s, within these channels.
This figure was used to inform our estimate for the scaling factor. We acknowledge, however,
that this value is highly uncertain. Therefore, a sensitivity analysis for the range of current
correction factors, 1.5–6, is presented in the results.

Figure 7 shows the hourly velocity over one year with the current correction factor
applied. With relatively consistent weather patterns throughout the year, the current
velocity is to be fairly consistent year to year. The data had an average current velocity of
1.5 m/s and a maximum velocity at 3.5 m/s. When determining the AEP, we set the cut-in
and cut-out speed to be 0.8 m/s and 4.0 m/s, respectively. All three sites show similar
trends in variance. This can be useful when looking at future supply and demand needs
over a 24 h period for the island.

5.3. LCOE Results

Table 5 shows the LCOE calculated for 1-, 3-, 10-, 50-, and 100-unit installations.
For small deployments, the LCOE remains substantially higher than present electricity
prices, reaching $2.02/kWh for a single-unit system. LCOE reduces by 44% when using
all three sites within our case study, with an LCOE of $1.13/kWh. As the number of units
increases to 50-unit farms, we see the LCOE decrease by 81%, reaching competitive costs of
$0.38/kWh. While the LCOE continues to decrease beyond 50 units, the rate of reduction
slows. Figure 8 illustrates that this technology achieves break-even cost compared with the
existing electricity rate in the US Virgin Islands at an installed capacity of approximately
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10 MW [85]. This implies that about 41 installed units would be required to meet this
threshold. Thus, these results suggest that economic viability is achievable on medium- to
large-scale deployment.

Figure 7. Current speed data in m/s over one year taken from the USCROMS model for the site, with
a current correction factor of 4.

Table 5. Levelized cost of energy (LCOE) for production/installation of 1–100 units.

Number of Units Capacity (kW) LCOE ($/kWh)

1-unit 240 $2.02
3-unit 719 $1.13
10-unit 2397 $0.66
50-unit 11,983 $0.38

100-unit 23,967 $0.31

Figure 8. LCOE as capacity of the farm increases, compared to the existing residential cost of electricity
in the USVI, rating at 0.42 $/kWh.

We note that the LCOE is a not a perfect measure, as it does not account for issues
around intermittency: many papers have pointed out that total system costs are different for
intermittent and non-dispatchable technologies [86,87]. The LCOE also has limitations in
fully capturing the costs that translate to the residential consumer. According to the Water
and Power Authority’s electric rate breakdown, retail electric rates are primarily driven
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by direct fuel costs, at $0.22/kWh, and residential energy charges, at $0.18/kWh. The
residential energy charges include capital costs through debt service, equipment repairs,
and annual insurance, along with transmission and distribution. Our LCOE estimate cap-
tures capital costs and OPEX (i.e., equipment repairs, insurance, etc.) but does not capture
transmission or distribution. There is no data available for these costs. Therefore, we use the
reported residential cost of $0.42/kWh as a comparison in Figure 8, but we acknowledge
that the real break-even cost will be lower once distribution costs are accounted for.

5.4. Sensitivity Analysis

We identified three main components that impact the LCOE of the proposed tech-
nology: the current correction factor; the depth of the channel, which determines the size
of the turbines and their corresponding number; and the interest rate for the project. A
sensitivity analysis was conducted for each of these to evaluate the impact on project
economics, identify the most influential parameters, and assess pathways for improving
economic viability.

5.4.1. Current Correction Factor

As detailed in Section 5.2, current correction factors ranging from 1.5 to 6 can be
applied to the resource velocity extracted from the model, because of the large resolution
size of the USCROMS model (2 km) compared to our channel size of 150 m. This range
was selected based on these sources, which showed at least a 50% increase in resources
within channels and a high estimate of six times the current estimated from ocean modeling
software [82–84]. The current speed plays a major role in reducing the LCOE for this study,
from $1.14/kWh under our central assumption of 4 to $0.50/kWh under a multiplier of 6
(See Figure 9).

Figure 9. Sensitivity of the LCOE for a 3-unit case, in $/kWh, for current correction factors ranging
from 1.5 to 6.

5.4.2. LCOE vs. Depth Restrictions

The depth of the channel restricts the turbine size. Here, we investigate how the
resulting turbine size impacts the LCOE. As we change the turbine size, we also change the
number of turbines per unit. The rotor diameter ranges from 2 m to 33 m, with the number
of turbines selected using the packing and power optimization as shown in Equation (9):

N =
L

kD
(9)
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• L—Bridge length;
• k—Spacing factor;
• D—Turbine diameter.

This equation is a standard geometric packing relationship based on the bridge length
and the spacing factor. According to [88–90], side-by-side arrangements of tidal turbines
can have a center-to-center spacing of 1.5–3 rotor diameters. This is to reduce the wake
effects and blockage ratio of the system, which can drastically reduce the mechanical
efficiency of a project. We assume a 1.72D for turbine rotors 2 and 3 m in diameter and
increase to 2D for diameters of 4–15 m, as larger turbines can expect larger wake effects.
Figure 10 shows that, as the depth of the channel increases, the larger rotor diameter leads
to a smaller number of turbines per unit (as measured on the right axis). In turn, these
fewer, larger turbines generate more energy; thus, the LCOE decreases with depth. Based
on this analysis, three sites with an average depth of 18–20 m could accommodate eight
9–10 m diameter turbines and achieve break-even LCOE in the USVI. For the 33 m, NREL
RM4 turbine, a depth requirement of 65–70 m would be necessary to accommodate one of
their units. This scenario highlights the importance of turbine sizing and installed capacity
in improving project economics.

Figure 10. Impact of channel depth on the optimal number of turbines and the LCOE. The red line
shows the LCOE for a 3-unit farm, which can be read on the left vertical axis; the blue line is the
optimal number of turbines per unit as a function of the rotor diameter, which can be read on the
right vertical axis.

5.4.3. Interest Rate

The interest rate (r) value of 7.5% used in our baseline LCOE estimate is taken from the
NREL study. However, the interest rate for renewable energy projects, particularly in the
SIDS, can vary greatly due to local development, permitting and regulatory frameworks,
and the perceived investment risk within marine energy technologies [91,92]. To address
this volatility of interest rate estimates and the impact on the LCOE results, we illustrate
the LCOE as a function of the interest rate, 2–20%, for a 3-unit and 100-unit farm. Figure 11
show how the interest rate impacts the LCOE. The interest rate is used in the Equation (7)
and represents the cost of capital and perceived investment risk associated with a project.
As the interest rate increases, annualized costs increase, resulting in a higher LCOE.
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Figure 11. LCOE in $/kWh as a function of the interest rate.

6. Discussion and Conclusions
The goal of this study was to evaluate the techno-economic feasibility of applying

tidal energy technologies to the U.S. Virgin Islands and other Caribbean island regions.
The results indicate that the economic viability of this marine hydrokinetic technology
within the US Virgin Islands and other SIDS is primarily driven by economies of scale.
A 1-unit farm using our proposed bridge structure located in a shallow channel has a
rated capacity of 239 kW and an LCOE of $2.02/kWh, making small-unit deployment
economically unrealistic. However, the LCOE decreases substantially as the number of
units increases, resulting in the technology achieving a break-even cost in the U.S. Virgin
Islands at an installed capacity of 10 MW. This suggests that the technology is best suited
for coordinated multi-unit deployments, both locally and across other island nations.

There are opportunities for large-scale installation within the USVI and across the
Caribbean. Around the Virgin Islands there are 100 smaller surrounding land masses,
implying the possibility of large-scale installation across the territory. In addition, the
geographic proximity of many SIDS in Caribbean archipelagos presents opportunities for
coordinated development of larger marine energy installations across multiple sites, and the
bridge structures may allow for inter-island connection. Thus, achieving large deployment
scales may be possible through regional collaboration. In fact, international initiatives
are increasingly supporting shared renewable energy project deployment. Examples of
existing initiatives include the U.S.–Caribbean partnership to Address the Climate Crisis
2030, led by the US Department of State; and the Caribbean Resilient Renewable Energy
Infrastructure Investment Facility, supported by the World Bank [6,93].

The easily accessible bridge support structure proposed in this study can increase the
opportunity for widespread development in the SIDS due to ease of access, removing the
need for special machinery to perform installation and regular maintenance. The bridge-
supported structure can also create opportunities for local labor participation during
construction and maintenance, which can increase energy resilience and autonomy [94–96].
Future work could include simulating structural stability using concrete or wood, which
can be locally sourced across different SIDS.

The depth of the channels has a substantial influence on project viability, as larger
turbines increase energy production while reducing the number of units. Our results
indicate that this bridge design would achieve break-even with USVI prices at water
depths of 18–20 m with only three units installed. This compares to the minimum required
depth of 65–70 m for the floating RM4 to be installed. In general, our bridge-supported
marine concept targets shallow, narrow channel environments, extending marine energy
opportunities to locations where they may not have been previously feasible. We note that
this marine energy system may incur some negative environmental and social impacts.
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Construction and fabrication may have coastal environmental impacts. Another concern is
that the bridge structure may prevent some economic or recreational uses of the channels.
The channels selected are not passable by major commercial vessels or barges (i.e., cruise
ships, ferries, tugboats, etc.) but can be traveled by smaller vessels that are used for fishing
or recreation. A more thorough assessment should incorporate environmental studies and
engagement with local maritime communities, along with other stakeholders, to ensure that
the proposed installations are compatible with existing uses of the marine environment.

We also want to highlight that, while the proposed turbine spacing meets the minimum
recommended values and is effective as a preliminary assessment, the cumulative wake
effects and the resulting blockage ratio are not fully captured, particularly for the simulta-
neous operation of 29 turbines in a narrow channel. Garrett and Cummins have illustrated
how the resulting turbine efficiency can decrease as the blockage ratio approaches 1 [49].
Recent studies show that, in offshore wind energy, benchmark models can effectively
be used for evaluating the dynamic response of these technologies, while data-driven
approaches can be used for event-triggered analysis, thus improving the validation and
reproducibility of these types of offshore renewable energy systems [97,98]. Similar analysis
frameworks could be extended to our system for evaluating the turbine performance and
structural response to these high-density, narrow channel environments.

There are a number of uncertainties in the cost assumptions derived from NREL
reference models. While these reference models provide a valuable and widely accepted
foundation for cost estimation and scaling analyses, future reductions in capital costs
are expected as marine energy technologies mature. For Equations (2) and (5), these are
standard scaling equations, widely used in the literature. Nevertheless, there can be aspects
that are hard to model in reality. Equation (3) is based on the assumption that fixed costs
are spread out across the entire project. Equation (4) is the most speculative; it is based
on our assumptions about how costs scale with the mass of the turbine. Future work
could examine this more closely if data is available about installation costs. In addition to
this, NREL estimates may not fully capture location-specific costs associated with energy
deployment in the SIDS. Local cost premiums may increase the estimated costs of this
technology, due to import requirements, lack of policy and regulatory frameworks, and
local supply-chain constraints [99–102]. Continued technology development, deployment
experience, supply-chain growth, and manufacturing improvements are likely to lead to
lower costs as the technology is deployed [91,103–105]. Examples of global policy initiatives
that can financially aid in renewable energy project developments include green and blue
bonds [106]. Green bonds provide low-cost funding for projects that promote environmen-
tal sustainability, and blue bonds are an extension of this for marine conservation projects.

Renewable energy transition continues to be challenging across the globe, but it is
especially daunting to locations like the US Virgin Islands and other Small Island Develop-
ing States, who share common environmental and economic circumstances. This research
highlights the potential of marine current technology as a renewable resource that lever-
ages unique channelized flow conditions throughout many island regions. By simplifying
installation and maintenance while leveraging existing bridge infrastructure, the proposed
concept addresses several barriers that have historically limited marine current energy
development for Small Island Developing States and globally. These findings provide a
foundation for future research and demonstrate the potential role of innovative support
structures in expanding renewable energy opportunities for islands and coastal commu-
nities. Furthermore, this research emphasizes local participation in site selection, project
development, operation, and maintenance, supporting long-term energy sustainability,
resilience, and community engagement.
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Appendix A
Equation (2): Scaling for how the cost is impacted by the rotor radius is linear; however,

it is based on the power equation, which is quadratic. Here, we derive the final equation.
First, we note the following relationship, as the cost of materials will increase proportionally
as the radius gets larger, but the cost per unit power will decrease proportionately with
the power:

Cr1 = Cr2

r1

r2

P2

P1
(A1)

By substituting Equation (8) to the above, the resulting equation is

Cr1 = Cr2

r1

r2

r2
2

r2
1

(A2)

This simplifies to our Equation (2).
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