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A B S T R A C T

Ocean Thermal Energy Conversion (OTEC) offers a promising renewable energy solution using the temperature 
difference between warm surface seawater and cold deep seawater. Because detailed resource characterization is 
critical for the optimal design and implementation of OTEC systems, a high-resolution numerical model is 
employed to better characterize the OTEC resource at Kailua-Kona, Hawaii. The model results reveal distinct 
patterns and dynamics not captured by existing observations or low-resolution models. These findings highlight 
the importance of using high-resolution models for fine-scale predictions of thermal gradient variability, ulti
mately supporting more efficient and sustainable OTEC deployment. Additionally, the study investigates the 
impacts of mixed water discharge from OTEC plants that can alter ocean conditions and potentially destabilize 
the water column. Understanding these effects is vital for minimizing any potential negative environmental 
consequences and ensuring the long-term viability of OTEC operations. Our model improves OTEC resource 
characterization, which can lead to optimal design and deployment of OTEC systems. The analysis of OTEC water 
discharge impacts can accelerate the development of OTEC technologies, overcoming permitting/consenting 
challenges. These findings contribute to the broader adoption of high-resolution modeling in ocean energy 
resource characterization, particularly for OTEC applications.

1. Introduction

The oceans cover more than 70 % of the Earth’s surface, making 
them the world’s largest solar energy collector and storage system [1,2]. 
Ocean Thermal Energy Conversion (OTEC) is a technology that utilizes 
the difference in ocean temperatures over depth to generate electricity, 
providing an abundant and stable renewable energy resource [2–4]. For 
example, the 66-year mean estimates (from 1955 to 2021) of global 
OTEC power potential reach up to 9.4 TW [5]. In addition, unlike other 
renewable technologies based on intermittent energy sources such as 
wind and solar [6,7], OTEC can provide consistent baseload power 
[8–10]. These facts make OTEC a promising renewable energy 
technology.

There are two major types of OTEC systems: closed- and open-cycle 
systems [1,2]. Closed-cycle OTEC systems use low-boiling-point fluids 
such as ammonia. The warm surface water vaporizes a working fluid; 
then, the resulting vapor runs a turbine to generate electricity. The used 
vapor is then condensed with cold deep water. The condensed working 

fluid is pumped back into the evaporator to repeat the cycle. It remains 
in a closed system and circulates continuously. In an open-cycle OTEC 
system, the warm seawater is the working fluid. The warm seawater is 
evaporated in a low-pressure chamber to produce distilled water as 
steam. The steam expands through a turbine that is coupled to a 
generator to produce electricity. After that, the steam is condensed by 
cold seawater pumped from the ocean’s depths. A membrane desalina
tion system can be coupled with an open-cycle system to provide fresh 
water. In addition to conventional OTEC systems, recent technological 
advancements have explored diverse power conversion and integration 
strategies aimed at enhancing efficiency, adaptability, and multi
functionality. For example, Kalina cycle systems that utilize 
ammonia-water mixtures offer improved thermal efficiency over tradi
tional Rankine cycles because of their ability to exploit variable boiling 
points [11]. Radial-inflow turbines have also been incorporated into 
OTEC designs, leveraging their compact configuration and high per
formance under low-temperature gradients [12]. Furthermore, OTEC is 
increasingly being developed for multipurpose applications beyond 
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electricity generation, including seawater desalination [13,14], ab
sorption refrigeration [15], aquaculture [16], and deep seawater air 
conditioning [17]. These applications expand OTEC’s role in supporting 
water supply, thermal management, and food security in island and 
coastal regions. Concurrently, there is growing emphasis on dynamic 
modeling and advanced control strategies to ensure stable and efficient 
OTEC operation under varying thermal and oceanographic conditions 
[18]. These developments collectively underscore the increasing 
complexity of OTEC systems and their dependence on accurate envi
ronmental data. In addition, successful OTEC operation is determined by 
several factors such as the temperature difference between surface warm 
water and deep cold water, the proximity to the coast, the bathymetry 
slope, smooth seafloor, the wave height, and the wind speed [19–21]. 
These conditions are highly variable over location and time. As a result, 
high-resolution resource characterization becomes important not only 
to optimize system design and ensure operational reliability, but also to 
inform site selection, assess environmental impacts, and evaluate 
long-term feasibility under changing ocean conditions.

Numerical models are beneficial for assessing OTEC power resources 
because they have several key advantages over observations. Numerical 
models can simulate extensive and remote ocean areas, which are often 
impractical and expensive to survey directly with observations. This 
capability is essential for evaluating the feasibility of OTEC systems at a 
global scale [5,10,22–24] to local-scale marine environments [19,21,25,
26], allowing for assessments of potential sites without the geographic 
and logistic constraints associated with direct observation. In addition, 
unlike direct observations that provide data for a specific moment or 
short period, numerical models can project future scenarios and analyze 
long-term trends. This is particularly valuable for understanding sea
sonal to interannual variability [19] and the impacts of climate change 
on OTEC performance over decades [5]. These models help in fore
casting future energy outputs and strategizing the sustainable develop
ment of OTEC facilities. Numerical models can also be used to perform 
experiments with various environmental and operational parameters. 
This includes adjusting water temperatures, flow rates, and turbine ef
ficiencies to explore different outcomes for OTEC operations [4,10]. 
Numerical experiments are also instrumental in conducting environ
mental impact assessments and predicting ecological risks such as 
changes in marine ecosystems due to altered temperature, salinity, and 
nutrient concentrations by OTEC discharges [26–29]. Such flexibility is 
crucial for optimizing energy extraction processes and for planning 
under various environmental scenarios. The advantages of numerical 
models support the development of environmentally sustainable and 
economically viable OTEC projects.

Nevertheless, the OTEC resource characterizations for many coastal 
and island regions are still limited because high-resolution numerical 
models have not been thoroughly applied [21]. The limitations include 
poor representation of bathymetric features and local ocean dynamic 
features (e.g., upwelling and localized currents). In addition, 
coarse-resolution models face challenges when capturing oceanic 
mesoscale eddies, which can cause evident errors in the simulated ocean 
thermal stratification in the deeper ocean [30,31]. Therefore, the OTEC 
power, which is significantly affected by the temperature differential 
over depth, might not be accurately captured by a coarse-resolution 
model. Furthermore, a site-specific investigation of OTEC resources 
with a high-resolution model is a good approach for a better under
standing of the OTEC system because geographical constraints and 
localized ocean conditions affect the economic and environmental as
pects of OTEC operation [27,32].

In this context, the Hawaiian Islands offer an ideal case study for 
demonstrating the value of high-resolution modeling in OTEC resource 
characterization. The region’s oceanographic conditions are highly 
favorable for OTEC deployment with strong and persistent thermal 
stratification characterized by warm surface waters overlaying cold 
deep waters. This steep and reliable temperature gradient is essential for 
maximizing the thermal efficiency of OTEC systems. From 2003 to 2018, 

approximately 84 %–90 % of the state’s electricity was generated from 
petroleum, and petroleum products accounted for nearly 60 % of total 
imports [33]. This heavy dependence on imported fossil fuels increases 
vulnerability to supply disruptions and price volatility, underscoring the 
critical need for locally sourced, renewable energy alternatives that can 
enhance long-term energy security and sustainability. Recognizing 
Hawaii’s potential for OTEC, Makai Ocean Engineering developed and 
has operated the first U.S. grid-connected OTEC demonstration plant 
(~105 kW) in Kailua-Kona since 2015, providing a proof-of-concept for 
practical system deployment in the region [8]. However, despite this 
early success, previous modeling studies lacked the high-resolution in
formation needed to evaluate site-specific resource variability, vertical 
structure, and environmental conditions critical for larger-scale OTEC 
implementation. Moreover, the ocean temperatures around Hawaii are 
strongly modulated by large-scale climate variabilities [34]. Three 
dominant climate modes that influence regional ocean conditions are 
the El Niño–Southern Oscillation (ENSO), the Pacific Decadal Oscillation 
(PDO) and the North Pacific Gyre Oscillation (NPGO). ENSO drives 
inter-annual variabilities in sea surface temperatures (SSTs) and strati
fication across the tropical Pacific, with widespread climate tele
connections [35]. The PDO modulates the decadal background state of 
the North Pacific and can interact with ENSO signals [36], while the 
NPGO influences salinity, nutrient transport, and subsurface thermal 
anomalies through gyre-scale circulation [37]. Despite their known in
fluence on ocean conditions, the potential impacts of these climate 
modes on OTEC power generation in Kailua-Kona have not been 
assessed.

This study addresses the knowledge gaps by leveraging a high- 
resolution (up to 350 m) numerical model to evaluate the OTEC 
resource, its climate sensitivity and the impacts of OTEC operation on 
ocean conditions around Kailua-Kona, Hawaii. Comparisons of the 
model results with various observations validate the accuracy of the 
temperature characteristics for the 10-year record from 2012 to 2021. 
With the confidence of the model results, the high-resolution data pro
vide better resource characterizations of OTEC, overcoming the lack of 
information from observations and coarse-resolution models in the 
target area.

The details of the numerical model and OTEC power calculation are 
presented in Section 2. We demonstrate the temperature characteristics 
and OTEC power in Section 3. The conclusions of this work are detailed 
in Section 4.

2. Methodology

2.1. Unstructured grid model SCHISM

The Semi-implicit Cross-scale Hydroscience Integrated System 
Model (SCHISM) is an open-source, 3D baroclinic model that utilizes 
unstructured grids. The source code is publicly available through GitHub 
(https://github.com/schism-dev/schism). This model features a flexible 
horizontal grid and integrates Localized Sigma Coordinates with Shaved 
Cells (LSC2), allowing for variable vertical grids that adapt to the un
derlying bathymetry [38]. The versatile SCHISM grid system is designed 
for efficient cross-scale modeling, spanning from the open ocean to 
complex coastlines. SCHISM utilizes a semi-implicit Galerkin 
finite-element methodology to solve the Navier–Stokes equations with 
the hydrostatic and Boussinesq approximations. Within its advanced 
numerical framework, the model employs a semi-implicit scheme to 
handle the barotropic pressure gradient and vertical viscosity. In 
contrast, the baroclinic pressure gradient and horizontal viscosity are 
managed using an explicit scheme. For the temperature and salinity 
transport equations in this study, the third-order Weighted Essentially 
Non-Oscillatory (WENO) transport scheme is used, which is useful for 
multiscale baroclinic modeling [39]. To maintain strict conservation of 
volume and scalar quantities, SCHISM utilizes finite-volume solvers for 
the 3D continuity and scalar transport equations. Additionally, turbulent 
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processes are modeled using the Generic Length Scale (GLS) model [40], 
further enhancing the model’s accuracy and robustness.

The model is applied to a domain that encompasses the entire west 
coast of Hawaii Island (The Big Island) and extends to a water depth of 
4800 m within the exclusive economic zone (EEZ). Fig. 1 illustrates the 
model domain with interpolated bathymetry and the computational 
mesh. The mesh is constructed based on the Digital Elevation Model 
(DEM) to accurately capture the bathymetry characteristics around 
Kailua-Kona, Hawaii. ETOPO 2022 data are utilized for mesh generation 
and bathymetry interpolation without any bathymetry treatment, such 
as smoothing. The inherent stability and robustness of SCHISM enable 
the use of original, unsmoothed bathymetries from the DEMs, thereby 
enhancing the fidelity and accuracy of the simulations [41]. The 
resulting mesh consists of 3161 nodes and 6133 elements, with a hori
zontal resolution varying from 4.5 km at the open boundary to 350 m 
around the Kona coast, where potential OTEC plants might be consid
ered. The LSC2 vertical grid system allows for a varying number of 

vertical layers, ranging from 1 in shallow waters to 48 in deeper oceans 
with higher density in the upper 500 m to better capture the thermocline 
structure.

A uniform bottom roughness length of 0.005 m is prescribed across 
the modeling domain. Wind stress calculations were performed based on 
the algorithm proposed by Hwang [42]. Tidal forcing is obtained from 
FES2014 [43]. The tidal model provides tidal components for the open 
boundary conditions and as a body force in the momentum equation, 
incorporating eight significant tidal constituents such as K1, K2, M2, N2, 
O1, P1, Q1, and S2. Boundary conditions such as the sea surface height, 
3D water temperature, salinity, and currents are derived from the 
Copernicus Marine Environment Monitoring Service (CMEMS) [44]. 
Surface forcings, including wind velocities, atmospheric pressure, air 
temperature, and precipitation, utilize outputs from various atmo
spheric models such as the Climate Forecast System (CFS) v2 [45].

This study analyzes the temperature characteristics and OTEC 
powers for 10 years from 2012 to 2021. Because the time period 

Fig. 1. (a) Hawaii island archipelago. The red box indicates the targeted area for the model development. (b) View of the model domain around Kailua-Kona, Hawaii, 
with interpolated bathymetry. The red stars indicate the locations of the Argo float observations used in Fig. 2. The white lines represent the bathymetric contour 
lines from 1000 m to 4000 m. (c) The computational mesh. The red box indicates the area used to calculate the spatially averaged sea surface temperature in Fig. 3. 
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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represents the impact of large-scale climate variability, e.g., the NPGO, 
ENSO, and PDO on ocean temperatures in Hawaii [34], we investigate 
how the temperature variability caused by the climate phenomena af
fects OTEC power generation in the target area.

2.2. Observations and model validation

We evaluate and validate model results by comparison with different 
types of observational data, including Argo floats and satellites for 
vertical profiles of ocean temperatures and sea surface temperatures 
(SSTs). In this study, we utilize the following statistics to quantify model 
errors against the observations as follows:

Bias: 

1
N
∑N

1
(Mi − Oi) (1) 

Root-mean-squared error (RMSE): 
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1
N
∑N

1
(Mi − Oi)

2

√

(2) 

Pearson correlation coefficient R: 

∑N
1 (Mi − M)(Oi − O)

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑N

1 (M − M)
2
(Oi − O)

2
√ (3) 

where Mi, Oi, N, M, and O are the modeled values, observed values, 
number of samples, and means of the modeled and observed values, 
respectively.

The bias quantifies the average discrepancy between modeled and 
observed values, serving as an indicator of systematic overestimation or 
underestimation by the model. The RMSE measures the magnitude of 
the discrepancies between modeled and observed values, offering in
sights into the model’s overall precision. R spans from − 1, indicating a 
strong negative correlation, to 1, denoting a strong positive correlation. 
These three statistics are used in the model assessment Section 3.

2.3. OTEC power calculation

The OTEC power can be estimated as gross and net power [23,46,
47]. In this study, we utilize the net OTEC power that takes into account 
the power consumed by an OTEC operation. The resulting formulation 
of the net OTEC power Pnet is as follows: 

Fig. 2. Comparisons of the vertical profiles of the temperatures from Argo observations (black lines) and the model (red lines). The locations of the Argo floats are 
indicated in Fig. 1(a). The Argo float’s index, measurement date, correlation coefficient (R), Root-mean-squared error (RMSE), and bias are presented in each panel. 
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Pnet =
QcwρcPεtg

8Tsurf

{
3γ

2(1 + γ)
ΔT2 − 0.18ΔT2

design − 0.12
(γ

2

)2.75
ΔT2

design

}

(4) 

where ρ = 1025 kg/m3 is the average seawater density, cP ≈

4 kJ /(kg ⋅K) is the specific heat of the seawater, and γ = Qww/ Qcw is the 
ratio of the warm surface water (Qww of 450 m3/s) to cold deep water 
(Qcw of 300 m3/s) flow rates used in a 100 MW OTEC plant [48]. Tsurf 
and ΔT are the SST and temperature differences between the surface (e. 
g., 20 m) and deep water (e.g., 1000 m). The turbo generator efficiency 
(εtg) is 0.75 [5]. In Eq (4), the first term represents the gross power 
potential, which is proportional to the temperature difference squared 
(ΔT2) and scaled by system and fluid parameters, including cold/warm 
water flow rates, seawater density, specific heat capacity, and the effi
ciency of the turbo-generator. The power consumption terms account for 
about 30 % of the gross OTEC power with the design condition of Δ 
Tdesign = 20◦C [23]. Specifically, the second term represents fixed 
parasitic losses, which are typically associated with maintaining circu
lation through the system and are estimated to consume approximately 
18 % of the gross power at design conditions. The third term captures 
variable parasitic losses that scale with the warm-to-cold flow rate ratio 
(γ) and are associated with pumping requirements and frictional effects, 
increasing nonlinearly as the system deviates from the design configu
ration. This term includes an empirical exponent (2.75) that reflects the 

scaling of friction and other operational inefficiencies. The resulting Pnet 
is utilized to characterize the OTEC resources around Kailua-Kona, 
Hawaii, in this study.

This study employs a simplified net power estimation based on fixed 
system design parameters. However, recent research has emphasized the 
sensitivity of OTEC performance to a range of system-level factors. For 
instance, Rasgianti et al. [49] conducted a comprehensive sensitivity 
analysis using in situ temperature profiles and found that working fluid 
selection can significantly affect net power output and thermodynamic 
efficiency. Their findings suggest that static design assumptions may 
overlook critical dependencies. To enhance the accuracy and applica
bility of OTEC resource assessments, future modeling efforts should 
incorporate parameterized or dynamic formulations that account for 
variable system configurations such as intake depth, discharge strategy, 
and fluid properties. Incorporating such factors would improve the ac
curacy and adaptability of OTEC resource assessments for site selection, 
design optimization, and techno-economic evaluations under diverse 
operating conditions.

3. Results and discussion

In this section, we validate the model results with observations for 10 
years (2012–2021) and analyze the high-resolution model outputs to 
understand the characteristics of the ocean temperature around Kailua- 
Kona, Hawaii. We also characterize the OTEC power resources using the 

Fig. 3. (a) Time histories of spatial mean SST (seven-day running mean) from the satellite observation (black line) and model (red line) within the domain outlined in 
Fig. 1(c). (b) Monthly SST climatology for each year over the study period. (c) Bar graph of the annual mean SST derived from the time-series data in panel (a). (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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model outputs to find optimal locations for OTEC operation. Lastly, the 
model is used to investigate the impact of the OTEC discharge on the 
ocean condition (e.g., ocean temperature) after power generation. The 
experiment allows us to analyze the potential environmental impacts 
due to OTEC operation.

3.1. Temperature characteristics around Kailua-Kona, Hawaii

Fig. 2 presents the vertical temperature profiles for both observed 
(black lines) and modeled (red lines) data at the 15 different locations. A 
comparison of these results indicates good agreement between the 
observed and modeled temperatures, showing a mean R of 0.99, RMSE 
of 0.50 ◦C, and bias of − 0.13 ◦C throughout the different locations and 
times. Therefore, it establishes confidence in the model’s ability to 
accurately capture the vertical temperature variations. The temperature 

profiles in Fig. 2 exhibit similar trends regardless of the locations and 
times. Surface temperatures are generally above 25 ◦C, and a rapid 
decrease in temperature is observed within the upper 500 m of the water 
column, showing the presence of a thermocline where temperatures 
drop below 10 ◦C. At a depth of 1000 m, water temperatures approach or 
fall below 5 ◦C. Consequently, the temperature differences between the 
surface and deep waters (below 1000 m) exceed 20 ◦C in the ocean near 
Kailua-Kona, Hawaii, creating favorable ocean conditions for OTEC 
power generation [50–52].

Fig. 3(a) illustrates the time histories of the spatial mean SST (seven- 
day running mean) for the observed and modeled data over the 10-year 
simulation period within the domain outlined in Fig. 1(c). The model 
accurately captures the interannual and seasonal variations in the SST 
with R of 0.93, an RMSE of 0.48 ◦C, and a bias of 0.20 ◦C, validating its 
effectiveness for further analyzing the temperature characteristics 

Fig. 4. Two-dimensional maps of the mean (first column) and standard deviation (second column) of the water temperatures from 2012 to 2021. The first and second 
rows represent the statistics of the temperature at water depths of 20 m (Tsurf) and 1000 m or the bottom temperature if it is shallower than 1000 m (Tdeep), 
respectively. The third row shows the difference in the temperatures at depths of 20 and 1000 m (Tdiff). The white contour lines in each plot indicate the 1000, 2000, 
and 4000 m isobaths.
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around Kailua-Kona, Hawaii. Fig. 3(b) depicts the monthly mean SST for 
each year based on the model results in Fig. 3(a), revealing a clear 
seasonal pattern in the SST around Kona throughout the target period. 
The data indicate that the SST reaches its peak during the summer 
months (May to October) and its lowest value during the winter months 
(October to April). Notably, the summers of 2015 and 2019 exhibit 
significantly higher SSTs compared to other years, which has also been 
reported by previous studies [34,53]. Maximum SSTs of 29.17 ◦C and 
29.1 ◦C are observed in 2015 and 2019, respectively, while 2012 ex
periences a maximum SST of 26.45 ◦C, showing a temperature differ
ence of approximately 2.7 ◦C from 2015. The elevated summer SSTs in 
2015 and 2019 can be attributed to reduced wind conditions and 
large-scale climate phenomena such as the NPGO, ENSO, and PDO, as 
discussed by Gove et al. [34]. During winter, the minimum SST of 
24.33 ◦C was observed in 2013, compared to 25.20 ◦C in 2014, indi
cating a temperature difference of about 1.1 ◦C between the two years. 
Further, the interannual SST difference is more pronounced in summer 
(2.7 ◦C) compared to winter (1.1 ◦C). Seasonal variability varies across 
the years, with the largest seasonal SST difference (maximum summer 
temperature minus minimum winter temperature) of 4.71 ◦C observed 
in 2019, and the smallest difference of 1.91 ◦C in 2012. Fig. 3(c) presents 

the yearly mean SST as a bar graph, showing a noticeable increase from 
25.4 ◦C in 2012 to 26.84 ◦C in 2015. Post-2015, the SST remains 
elevated, ranging from 26.46 ◦C to 26.87 ◦C until 2019, followed by a 
decline to 26.19 ◦C by 2021. Overall, the SSTs around Kailua-Kona 
exhibit high variability on different time scales, driven by local wind 
conditions and large-scale climate phenomena (NPGO, ENSO, and PDO) 
[34]. Given that OTEC power generation heavily relies on the ocean 
temperature, it is crucial to investigate how these temperature varia
tions alter the OTEC power output, which is discussed in Section 3.2.

Because the OTEC power is extracted using the difference in the 
temperatures of surface and deep waters to generate power, we inves
tigate the temperature fields at different depths using the model outputs. 
Fig. 4(a) presents the 10-year mean temperature of about 26 ◦C at a 
depth of 20 m (Tsurf) from 2012 to 2021, extending from the coast to the 
open ocean. The standard deviations of Tsurf, as depicted in Fig. 4(b), are 
homogenous across the model domain, ranging from 1.1 ◦C to 1.2 ◦C. 
The 10-year mean temperature at a depth of 1000 m or the bottom 
temperature, if the depth is shallower than 1000 m (Tdeep), exhibits 
distinct patterns as a function of the water depth. Fig. 4(c) illustrates that 
in regions deeper than 1000 m, the mean Tdeep is almost uniform at 
approximately 4 ◦C. In shallower areas (<1000 m), the bottom water 

Fig. 5. (a) Two-dimensional map of the probability (%) of Tdiff exceeding 20 ◦C. The white contour lines in each plot indicate the 1000, 2000, and 4000 m isobaths. 
(b) Magnified view of (a) showing the locations of the selected points (white stars) around Kailua-Kona for the time histories of Tdiff. (c) Time histories of Tdiff at the 
different locations indicated by the white starts in (b). The line colors represent different water depths at each location. The dashed line indicates the temperature of 
20 ◦C. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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temperatures rise when moving towards the coast, reaching up to 26 ◦C, 
mirroring the surface temperatures because of the well-mixed water 
columns in the shallow regions. The standard deviation of Tdeep, shown 
in Fig. 4(d), indicates low variability (0.16 ◦C) in deeper waters, while 
the shallow areas (<1000 m) exhibit higher standard deviations of up to 
1.2 ◦C near the coast, following the surface temperature characteristics. 
Because of the different spatial characteristics of Tsurf and Tdeep, the 
differences in the temperatures of the surface and deep waters (Tdiff) 
display distinct spatial patterns depending on the water depth, as shown 
in Fig. 4(e). In shallow waters (<1000 m), Tdiff is below 20 ◦C and ap
proaches zero in well-mixed waters near the coast. In deeper waters 
(>1000 m), Tdiff remains nearly uniform at around 22 ◦C, providing 
favorable conditions for OTEC power extraction. The standard deviation 
of Tdiff is almost zero near the coast, while it ranges from 1 ◦C to 1.2 ◦C in 
other areas, as shown in Fig. 4(f). The high variability of Tdiff is primarily 
influenced by Tsurf because of the low variability of Tdeep, as illustrated 
in Fig. 4(d).

Fig. 5(a) presents a two-dimensional map illustrating the probability 
(%) of Tdiff exceeding 20 ◦C for a 10-year period. In areas where the 
water depth is deeper than 1000 m, Tdiff is above 20 ◦C most of the time, 
with exceedance probabilities ranging from 92 % to 98 %. Conversely, in 
regions shallower than 1000 m, the probability of Tdiff exceeding 20 ◦C is 
close to zero in most areas. To further investigate the temporal behavior 
of Tdiff, we analyze time series at selected locations. Fig. 5(b) provides a 
magnified view of the core study area, marking the selected locations 
(white stars) used for time series analysis in Fig. 5(c). These points 
represent a range of water depths to examine how Tdiff varies at different 
locations and depths. Fig. 5 (c) depicts the time histories of Tdiff at 
different locations showing various water depths from 50 to 4000 m. 
Over the 10-year period, the temporal variations in Tdiff are similar at 
depths ranging from 1000 to 4000 m, indicating consistent temperature 
characteristics in the deep ocean. At a depth of around 600 m, Tdiff 
fluctuates around 20 ◦C because of the seasonality of ocean tempera
tures. In shallower regions (~50 m), Tdiff remains close to zero over 
time, reflecting the well-mixed water columns in these areas. The high- 
resolution model results offer detailed insights into the ocean tempera
ture characteristics from the coast to the open ocean. Global-scale 
models are often limited in providing information for shallow depths 
(<1000 m) because of their coarse grid resolution, resulting in a lack of 
data for many coastal and island regions with shallower waters [21]. 
Therefore, the high-resolution data in Figs. 4 and 5 are valuable for 
identifying the spatiotemporal patterns of Tdiff, which are essential for 
determining feasible locations for OTEC plants and characterizing OTEC 
resources depending on the temperature variability.

3.2. OTEC resource characterization

In this section, we utilize the validated model results to characterize 
the OTEC power resources at Kailua-Kona, Hawaii. The OTEC power is 
estimated using the temperature fields and parameters for a 100 MW 
OTEC plant [e.g., Eq. (4)], as described in Section 2.3.

Fig. 6(a) presents 2D maps of the 10-year mean (from 2012 to 2021) 
net OTEC power based on Eq. (4). Spatially, the net OTEC power is 
negligible near the coast because of the small Tdiff, as discussed for the 
results presented in Fig. 5. The net OTEC power increases with depth, 
reaching up to 84 MW at a water depth of 500 m. A high gradient of 
OTEC power is observed around this depth. Beyond 1000 m, the net 
OTEC power remains consistent throughout the model domain, aver
aging about 130 MW. Fig. 6(b) shows the probabilities of the mean net 
OTEC power exceeding 100 MW, reflecting the target OTEC capacity. 
The probability exceeds 95 % in areas where the water depth is greater 
than 1000 m. Conversely, in the areas with depths shallower than 1000 
m, the probability approaches zero. This indicates that to achieve the 
target OTEC capacity of 100 MW, the water depth must exceed 1000 m. 
The Annual Energy Production (AEP) represents the annual energy 
output by the 100 MW OTEC plant. Fig. 6(c) depicts the yearly mean 
AEP for 100 MW OTEC operation over 10 years from 2012 to 2021. In 
areas where the water depth is greater than 1000 m, the AEP can reach 
up to 1.2 TWh/year, which has the potential to power approximately 
112,686 homes based on a yearly mean household electricity con
sumption of 10,649 kWh [54].

In addition to analyzing the spatial distribution of the net OTEC 
power, specific locations were selected to examine the temporal varia
tion in OTEC power. Three locations were identified based on favorable 
conditions for OTEC operations, including proximity to the coast (≤10 
km) and a high probability (≥95 %) of the mean net OTEC power 
exceeding 100 MW. The locations of these points are presented in Fig. 7
(a). Fig. 7(b) shows the monthly climatology of the net OTEC power at 
the three different locations. The seasonal variations and magnitudes of 
OTEC power are similar across these locations, with the highest net 
OTEC power observed during the summer, peaking at 150 MW in 
September. In contrast, the lowest net OTEC power occurs during the 
winter, reaching a minimum of 112 MW in February. These temporal 
variations in the net OTEC power correlate with the SST patterns shown 
in Fig. 3, emphasizing the significant role of the ocean temperature in 
OTEC power generation. Generally, these seasonal fluctuations in OTEC 
power align with energy demand, with the highest potential power 
production in the summer months in tropical locations like Hawaii when 
air conditioning usage increases, which makes OTEC power a promising 
renewable energy source. Fig. 7(c) presents the AEP for each year at the 
three different locations. Although the annual variations in the AEP are 

Fig. 6. Two-dimensional maps of the (a) mean, (b) probability (exceeding 100 MW), and (c) annual energy production of the net power from 100 MW 
OTEC operation.
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similar across these locations, P3 shows a lower magnitude compared to 
the others. The interannual variability in the AEP is evident, reflecting 
the interannual SST variability over the 10 years. The lowest AEP of 
1.03 TWh is recorded in 2012, while the highest AEP of 1.23 TWh is in 
2019, indicating a difference of 0.2 TWh. Despite a noticeable temporal 
variability in OTEC power around the Kona coast, it is evident that OTEC 
is a valuable energy source with the capacity to power at least 100,000 
homes annually at a single location based on yearly energy consumption 
[54]. Overall, the variations in OTEC power are heavily influenced by 
the SST variability because deep water temperatures remain relatively 
constant over time (as indicated by the low standard deviation in Fig. 4) 
around Kailua-Kona, Hawaii. Since the SST is significantly affected by 
not only heat flux and wind conditions but also large-scale climate 
phenomena (NPGO, ENSO, and PDO) [34], as discussed for the results in 
Fig. 3, advanced resource characterizations for and operation plans of 
the OTEC should incorporate and consider the climate variability 
including recent climate change.

3.3. Mixed water discharge from the OTEC plant

After OTEC power generation, warm surface water and cold deep 
water are mixed and discharged into the ocean ([28,29]; Taguchi et al., 
1997; [26]). This process can alter the distributions of the temperature, 

salinity, and nutrients in the ambient ocean water around the OTEC 
plant, potentially affecting marine ecosystems and OTEC resources [10,
28,55]. Therefore, it is crucial to investigate the impact of the discharge 
on the ocean conditions. Previous studies using numerical models have 
considered different discharge depths ranging from 70 m to 500 m to 
analyze the influence of mixed water discharge from OTEC plants 
around Martinique [55] and Hawaii [48]. For Hawaii specifically, rec
ommended discharge depths typically fall between 90 and 115 m, based 
on local mixed layer depths and light penetration levels [28]. In this 
study, we adopt a discharge depth of 100 m to reflect these recom
mendations. A mixed discharge flow rate of 300 m3/s at a temperature of 
10 ◦C is used to represent a realistic scenario for a 100 MW OTEC plant, 
which is comparable with values reported by Grandelli et al. [48]. The 
selected discharge temperature falls within the range (8–16.9 ◦C) used in 
previous modeling studies ([55]; Wang et al., 2017). The discharge is 
implemented as a vertically distributed influx without directional mo
mentum, following established approaches for simulating far-field 
thermal impacts ([4]; Wang et al., 2017). Although near-field mixing 
dynamics are not resolved, this configuration is appropriate for assessing 
long-term, far-field thermal effects of OTEC discharge.

Fig. 8 shows the 10-year mean temperature changes caused by the 
mixed water discharges from the operation of the three OTEC plants at 
the same time. The thermal impacts of the mixed water discharges are 

Fig. 7. (a) Locations of points selected for the temporal analysis of the OTEC power. The white line indicates the 10 km distance to the coast. Time histories of the (b) 
monthly mean net OTEC power and (c) AEP at the three locations.
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minimal at the discharge depth (100 m), showing negligible tempera
ture changes. However, at water depths of 300 and 500 m, the mixed 
water discharge decreases the water temperature by up to 0.1 ◦C. This 
occurs because the released mixed water has a higher density than the 
ambient water due to its colder temperature at the discharge depth, 
causing it to sink to deeper levels (e.g., 300 and 500 m), where it has a 
more noticeable impact than at a shallower depth (e.g., 100 m). Given 
that a temperature change of 3 ◦C is a critical threshold for thermal 
impact [27,55], the temperature change (up to 0.1 ◦C) corresponding to 
current OTEC configurations can be deemed to have a negligible impact 
on the ocean conditions. Additionally, previous studies reported that a 
0.3 ◦C temperature variation has a negligible impact on marine eco
systems [55]. At greater depths (e.g., 700 m), the impact of the mixed 
water discharge is negligible, showing almost no temperature change. 
The minor changes in ambient ocean water temperature at all depths 
suggest that OTEC power operations, which rely on warm shallow water 
and cold deep water, are not significantly altered by the mixed water 
discharge.

Overall, the impacts of mixed water discharge from the three OTEC 
plants on ocean conditions are minor for both the marine ecosystem and 
OTEC power resources. However, it is important to recognize that the 
thermal effects of discharge can vary significantly with the scale and 
configuration of the OTEC operation. For example, global-scale OTEC 
simulations have shown temperature changes ranging from − 4 ◦C near 
the surface (e.g., at 55 m depth) to +10 ◦C at deeper levels (e.g., around 
1160 m), highlighting the potential for substantial subsurface thermal 
alterations under large-scale deployment scenarios [4]. In addition, the 
present study assumes steady-state flow rates and temperatures for the 
discharge and does not include coupling with biogeochemical or 
ecological processes. Consequently, the model does not account for 
potential changes in nutrient dynamics, dissolved oxygen, or biological 
productivity by the mixed water discharges from OTEC plants. 
Addressing these limitations will require the development of fully 
coupled hydrodynamic-biogeochemical modeling frameworks capable 
of capturing the feedback between thermal perturbations and marine 
ecosystem processes.

4. Conclusion

This study presents a high-resolution, decade-long characterization 
of OTEC resources around Kona, Hawaii, using an unstructured-grid 3D 
ocean model. The results demonstrate that the spatial and temporal 
variability of thermal gradients shaped by regional bathymetry and 
modulated by large-scale climate modes such as ENSO, PDO, and NPGO 
plays a critical role in determining OTEC energy potential. The model 

captures fine-scale oceanographic features that are often missed by 
coarse-resolution models or limited observational datasets, enabling 
more accurate and site-specific assessments of the temperature differ
entials essential for OTEC performance. Key findings from the power 
analysis for a 100 MW OTEC plant include. 

• In areas where water depth exceeds 1000 m, the 10-year mean net 
OTEC power output is approximately 130 MW, with a greater than 
95 % probability of achieving the design capacity for the 10-year 
period.

• Peak net OTEC power (up to 150 MW) occurs during summer 
months, coinciding with increased regional energy demand from air 
conditioning.

• Theoretical AEP in deep-water zones (depth >1000 m) can reach up 
to 1.2 TWh/year—enough to power over 112,000 homes, demon
strating the practical feasibility of OTEC as a renewable energy so
lution for Hawaii.

• In contrast, OTEC power potential is negligible in shallower areas 
(depth <500 m), emphasizing the detailed resource characterization 
around the coast.

We also conduct a numerical experiment to investigate the impact of 
mixed water discharge from three OTEC plants on the ocean conditions 
around Kailua-Kona, Hawaii. Model results show that the thermal im
pacts of mixed water discharge are minor for marine ecosystems and 
OTEC resources. Nevertheless, sensitivity experiments with various 
OTEC operation scales and discharge parameters are recommended to 
further understand various aspects of mixed water discharges.

Overall, the study underscores the potential of OTEC as a valuable 
renewable energy source, particularly in regions with large sea surface 
and bottom temperature differences and suitable water depths. The 
high-resolution ocean model provides critical insights into the spatio
temporal patterns of ocean temperatures, aiding in the strategic plan
ning and optimal placement of OTEC facilities. Building on the validated 
high-resolution modeling framework developed in this study, future 
research can apply this approach to other coastal and island regions with 
favorable ocean thermal structures. Many tropical and subtropical lo
cations including areas in the Caribbean and the Western Pacific exhibit 
strong vertical temperature gradients and energy security challenges 
similar to those in Hawaii. Applying this framework elsewhere would 
enable site-specific OTEC assessments that account for local bathymetry, 
stratification patterns, and climate variability, ultimately supporting 
more globally distributed feasibility studies and informed decision- 
making for OTEC deployment. In addition, future work should investi
gate how OTEC operations influence nutrient availability, 

Fig. 8. The 10-year mean temperature changes due to the mixed water discharge from three OTEC plants (magenta stars). The magenta stars indicate the locations of 
the three OTEC discharges. Each frame represents a 2D map of the change in the temperature at different depths from 100 m to 700 m. The blue color means a 
decrease in temperature due to the mixed water discharge. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version 
of this article.)
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phytoplankton growth, and vertical stratification across both seasonal 
and interannual timescales. Further model validation and targeted 
sensitivity experiments that explore a range of operational scenarios, 
including different scales of OTEC deployment, intake/discharge pa
rameters, and background climate conditions are essential for advancing 
our understanding of the environmental impacts of OTEC.
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