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a b s t r a c t

Global Ocean Thermal Energy Conversion (OTEC) resources are assessed for the first time with an ocean
general circulation model (OGCM). Large-scale OTEC operations are represented with fluid sources and
sinks of prescribed strength in global (4� � 4�) MITgcm simulations. Preliminary steady-state (time-
asymptotic) results show similarities, but also significant differences with earlier one-dimensional (1-D)
studies. It is confirmed that global OTEC resources are likely limited by OTEC flow effects on the stability of
the vertical oceanic thermal structure. Such a limit is several times greater in a full three-dimensional
context, however, with an estimated maximum annual OTEC net power production of about 30 TW. The
significant OTEC flow rates corresponding tomaximum net power output would result in a strong boost of
the oceanic thermohaline circulation (THC). In contrast to simple 1-D analyses, the present simulations of
large-scale OTEC operations also show a persistent cooling of the tropical oceanic mixed-layer. This would
be balanced by a warming trend in the higher latitudes, which may practically limit OTEC deployment to
smaller flow rates than at maximum net power output. An annual OTEC net power production of about
7 TW, for example, could be achieved with little effect on the oceanic temperature field.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

The concept of Ocean Thermal Energy Conversion (OTEC) has
fascinatedmanygenerations of engineers since itwas formulated by
d’Arsonval in 1881 [1]. It hinges on the possibility of producing
mechanical work (and, subsequently electricity) by exchanging heat
with a warm reservoir of surface seawater and a cold reservoir of
deep seawater in suitable tropical areas.While the basic heat engine
technologyat theheart of OTEC canbe found in every thermal power
plant today, practical seawater temperature differences of the order
of only 20 �C have made OTEC implementation very challenging.
With thermodynamic efficiencies of about 3%, OTEC cycles must
compensatewith seawaterflowrates as large as several cubicmeters
per second per megawatt of net electricity produced. This and other
difficulties typical of deepwater marine environments have so far
prevented OTEC from being economically competitive. Interest in
this renewable technology has been sustained, however, with
a growing worldwide energy demand, the prospect of declining
fossil fuel reserves and serious concerns about climate change.

While more details about OTEC can be found elsewhere [2], the
main characteristics of OTEC relevant to the proposed study are the
high seawater flow rate intensity mentioned earlier and the

sensitivity of OTEC power output to changes in available seawater
temperature differences. Unlike many intermittent renewable
technologies, OTEC is capable of baseload electricity production
in favorable regions. Yet, a variation of 1 �C in the seawater thermal
resource corresponds to a change in net power output of the order
of 15%. The combination of large flow rates and temperature
sensitivity suggests that a very dense deployment of OTEC systems
might result in self-limiting power production. Under this scenario,
OTEC resources would actually have a maximum. This was shown
to occur in very simplified one-dimensional models of the water
column with OTEC [3e5]. The situation could be compared to the
case of a hydroelectric power plant where excessive water flow
rates would diminish the existing head. In the case of OTEC,
however, there is no obvious flow rate scale a priori.

This study’s main objective is to explore the possibility of using
state-of-the-art ocean general circulation models (OGCMs) in
estimating global OTEC resources, which was articulated in the
concluding sections of earlier, simpler analyses [4,5]. In order to a)
limit the computational burden of this undertaking, and b) simplify
the comparative interpretation of results with available 1-D OTEC
resource estimates, a relatively coarse spatial resolution and stan-
dard (or default) parametric choices will be made for the targeted
OGCM calculations. In addition, features of the modeling protocol
that specifically define OTEC operations and power production will
essentially follow those proposed in the past. Given the complexity
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and broad spatial variability of oceanic circulation and temperature
fields, even such preliminary numerical experiments are expected
to yield more accurate and more reliable results than ever before.

2. Model description

2.1. Ocean background with MITgcm

The numerical tool selected for this study is the general oceanic
(and atmospheric) circulation model MITgcm developed at the
Massachusetts Institute of Technology [6]. MITgcm can represent
oceanic and atmospheric phenomena over awide range of scales by
discretizing the transport equations for momentum, potential
temperature and salinity (specific humidity in the case of the
atmosphere) with the finite-volume technique. It also has non-
hydrostatic capabilities.

In the present work, MITgcm is configured to simulate the global
ocean circulation on a relatively coarse 4� � 4� (horizontal) grid.
The input broadly follows that given in a published tutorial case by
the MITgcm team [7]. The tracer equations are forced with monthly
averaged net heat and freshwater fluxes at the ocean surface, and
relaxed to monthly averaged ocean temperatures at 25 m depth
and to sea surface salinities. The zonal and meridional momentum
equations are forced with monthly averaged sea surface wind
stress. The solver is run in a hydrostatic mode with the linear free
surface setting. Oceanic convection is parameterized through an
implicit vertical diffusion scheme. The Gent/McWilliams/Redi
scheme [8,9] is used for calculating diffusivity in tracer transport
equations. The global domain extends from 80� south to 80� north.
Sea ice is not explicitly modeled and ice covered regions are
considered to be land. Where and when ocean water temperatures
would fall below about �2 �C, however, heat is added to the cor-
responding computational cells to maintain temperature at the
local ice formation threshold. The Mediterranean and Red Seas also
are not represented owing to grid coarseness. There are 15 vertical
layers, with respective thicknesses of 50, 70,100, 140, 190, 240, 290,
340, 390, 440, 490, 540, 590, 640 and 690m, from the ocean surface
to the seafloor. The model is started from a state of rest (zero
velocity). Ocean temperature data at 25m depth was obtained from
the World Ocean Atlas 2005 (WOA05) database [10]. All other
driving data sets and the initial salinity and temperature fields were

obtained from the World Ocean Atlas 1994 [11,12] and DaSilva [13]
databases, as prescribed in the 4� � 4� MITgcm tutorial [7].

Thermal coupling between the ocean and the atmosphere has
been shown to play a key role in 1-D studies of large-scale OTEC
operations [4]. In the available MITgcm tutorial version, the ocean
and the atmosphere are locally coupled via relaxation terms for
temperature and salinity. Changes in the atmosphere are never
considered in this one-way coupling, so that strict modelers prefer
to describe such an oceaneatmosphere system as ‘uncoupled’ [14].
The same simple formalism was adopted in past 1-D studies of
large-scale OTEC effects. Using relaxation proportionality coeffi-
cients, any deviation of ocean surface characteristics from local
reference values triggers linear compensating surface fluxes from
the atmosphere. In the case of temperature, for example, a cooling
of the ocean surface relatively to the local reference temperature
would induce a heat flux from the atmosphere that is proportional
to the temperature deviation. The linear form of the compensating
fluxes originates from first-order analytical expansions of the
surface fluxes around the reference values [15]. The physical
interpretation of the salinity relaxation term is less clear, but it has
been found to be numerically convenient in reaching model
convergence. The relaxation coefficients are often expressed in
inverse form as relaxation times, which also depend on other
model parameters like the ocean surface layer thickness. The
MITgcm tutorial proposes constant relaxation times. In this study,
a spatially varying relaxation time for temperature sT was esti-
mated based on the formulation in Barnier et al. [15] and data from
DaSilva [13]. Resulting values are shown in Fig. 1 using the Ocean
Data View (ODV) graphic software [16] (all global maps in this
article implicitly use ODV). A range from 50 to 75 days for most of
the ocean, with a noticeable increase towards the poles, compares
well with the recommended uniform constant of 60 days.

2.2. Fluid sources and sinks in MITgcm

In the version of MITgcm (checkout 62i) used in this study, the
presence of prescribed fluid sources in the temperature and salinity
transport equations is already implemented. The solver was further
modified to also incorporate fluid sinks, as well as temporally
varying temperature and salinity source characteristics that can be
dynamically specified. As will be seen in the OTEC modeling

Fig. 1. Selected ocean surface relaxation time for temperature sT (days) on a 4� by 4� horizontal grid with a 50 m thick ocean surface layer.
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protocol description further below, such changes were necessary to
properly represent OTEC intakes of surface and deep seawater
(sinks), as well as an OTEC mixed effluent discharge (source).
Naturally enough, sinks were defined as negative sources, and in
this case, source terms in the tracer equations were switched off
since the temperature and salinity of sinks are equal to ambient
values. Given the coarseness of the computational grid, no modi-
fications were implemented in the momentum equations. Hence, it
is implicitly assumed that the velocity of sources and sinks is
identical to the background seawater velocity.

2.3. Basic tests and issues

A straightforward global heat budget was implemented to check
the correctness of model runs with and without mass flow singu-
larities (sinks and sources). The cumulative change in the enthalpy
of the global ocean dH between initial time t0 and time t may be
defined and calculated as:

dH ¼
X

cells

mcpfqðtÞ � qðt0Þg (1)

In Equation (1),m is themass of seawater in a computational cell
at potential temperature q, while cp is the seawater specific
enthalpy taken to be constant and equal to 4000 J kg�1 K�1. It was
verified that the cumulative heat added to the ocean through the
ocean surface and via (equivalent) ice formation equals dH in all
cases, thus closing the model’s heat budget. We note here that the
OTEC source and sink combination of zero net strength selected in
this study does not add heat to the ocean but merely contributes to
a redistribution of heat within the ocean.

In the case of ocean circulation models with relaxation
boundary conditions, the process of convergence to an equilibrium
state from initial values typically results in the non-physical addi-
tion of some heat. The net effect of this phenomenon over many
model years is a temperature drift. Danabasoglu [17] presents
results for global ocean simulations where the model is started
from rest with prescribed salinity and temperature distributions, as
in this study. A rise in the annual mean global ocean temperature of
about 0.6 �C is reported after a spin-up time of 1000 years. A similar
global behavior was recorded here. The drift in the temperature of
the top layer, however, appeared to stabilize relatively quickly to
about 0.1 �C. The drift in the temperature at 1000 m depth
increased to about 1.4 �C and stabilized after only about 900 years.
For this reason, the OTEC source and sinks were activated only after
1000 model years to ensure that the background temperature and
salinity fields have stabilized. In addition, only changes between
this stable but ‘incorrect’ temperature field and that calculated after
the onset of OTEC operations were taken into account. Such
changes could then be considered with the correct (known) equi-
librium state of the ocean whenever absolute rather than relative
temperatures were needed (as in OTEC power estimations).

Finally, a simple estimation of the strength of the Atlantic
thermohaline circulation (THC) without OTEC was performed. It
should be emphasized that the global circulation commonly
referred to as THC is more aptly described as Meridional Over-
turning Circulation (MOC), since thermohaline effects (density
differences) andmechanical forcing (surface wind stress) cannot be
separated. The Atlantic mean annual meridional transport as
a function of depth was determined at Latitude 26�N from the
calculated velocity field. The strength of the Atlantic THC is then
found by integrating this depth-dependent transport from the
ocean surface to the zero-crossing depth (above which transport is
northbound). This resulted in an Atlantic THC of about 15 Sv (i.e., 15
million cubic meters per second) which compares well to published
values (e.g., 14 Sv in Wunsch and Heimbach) [18].

2.4. OTEC modeling protocol

The first task is to select the oceanic area where OTEC will be
implemented. The criterion adopted in this study is for anymonthly
average temperature difference between 20 m and 1000 m water
depths to always exceed 18 �C. Such a determination is made using
the WOA05 database [10]. Fig. 2 displays the chosen OTEC region
with the corresponding yearly average temperature difference DT
between the reference water depths. It covers an area of 114million
square kilometers, or roughly 30% of the ocean surface. It should be
noted that at the edges of the OTEC region defined from the rela-
tively high-resolution (0.25� by 0.25�) WOA05 database, the coarse
spatial grid (4� by 4�) selected for MITgcm runs does not overlap
well. In a few cases where the center of the overlapping MITgcm
grid cell does not even have a water depth of 1000 m, the cells are
simply removed from the OTEC region, which accounts for an
effective OTEC area reduction of about 4%. In other instances of
partial overlap, the strength of OTEC flow rates is multiplied by the
local horizontal overlap ratio (i.e., a number between zero and one).

Next, OTEC operations are represented in the OGCM by the
inclusion of mass flow singularities of given strengths. Two sinks
depict the intake of seawater in the surface layer and at a water
depth of 1000 m, respectively, and one source describes the release
of mixed effluents in the water column. The ratio g of OTEC surface
seawater flow rate over OTEC deep seawater flow rate is fixed at 1.5,
a value greater than one typical of OTEC system optimizations. As
a result, the strength of all OTEC flow singularities can be quantified
by the deep seawater value Qcw alone. Furthermore, Qcw can be
expressed as an equivalent vertical velocity wcw if it is divided by
the horizontal grid cell area. In this study, constant values of wcw
across the OTEC region serve as a basis for specific MITgcm runs.
Because OTEC flow rates (per unit horizontal area) are therefore
uniformly distributed, the parasitic pumping power density Ppump
is a constant. Using wcw also allows a connection to the historical
notion of upwelling (vertical advection) rate used in early
descriptions of the global oceanic circulation [19,20]. In 1-D studies
of OTEC resources, the value of wcw for which OTEC net power
production would peak was found to be of the same order of
magnitude as the background upwelling rate [3,4].

The very small thermal energy extraction occurring in the OTEC
plant itself is neglected so that mixed effluent characteristics
(temperature and salinity) are determined from simple mixing
relationships applied to the combined intake flows. For real OTEC
plants,mixed effluentswould likely be released at a depth shallower
than their neutral-buoyancy level, to improve economic viability. In
other words, a dense plume would form and sink before stabilizing
at a neutral-buoyancy depth determined from turbulent mixing
with ambient seawater. The purpose and scope of this study defi-
nitely do not allow a credible representation of such effects since
they involve physical phenomena at extremely high spatial reso-
lution. In fact, the proper sub-scale parameterization of the turbu-
lent behavior of very large plumes in some Large Eddy Simulation
(LES) scheme remains to be determined. In the absence of existing
OTEC plants, the calibration of any LES parameterization would
almost certainly involve plume behavior determined from existing
semi-empirical stand-alone plume models [21]. Yet, the inherent
simplifications belying plume models (local steady-state perturba-
tion of given ocean background) are not likely to be applicablewhen
a great number of OTEC systems are deployed in a given region. The
modeling strategy adopted here is, for the time being, to reduce
plume effects asmuch as possible. In order to do so, the OTECmixed
effluent release depth is chosen where the discharge initially is
neutrally buoyant (as much as the vertical grid permits).

OGCM runs with OTEC operations defined by a fixed value of
wcw allow an estimate of the state of the ocean when the effects of
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distributed OTEC flow singularities are included. From the modified
temperature field in the OTEC region, the OTEC net power density
Pnet can be determined from the following simple formulas adapted
from earlier studies [3,4]:

Pnet ¼ wcw
3rcpεtgg
16ð1þ gÞ

ðDTÞ2
T

� Ppump (2-a)

Ppump ¼ wcw0:30
rcpεtgg
4ð1þ gÞ (2-b)

In Equation (2-a), T is the absolute temperature of the warm
surface seawater. The pumping power density defined in Equation
(2-b) corresponds to 30% of the gross power density at standard
conditions DT ¼ 20 �C and T ¼ 300 K. The average seawater density
r is taken as 1025 kg m�3, and the OTEC turbo-generator combined
efficiency εtg as 0.75. Since temperature variations have a limited
effect on the value of T but a comparatively significant impact onDT,
it can be inferred from Equation (2) and T z 300 K that OTEC net
power would collapse to near zero levels if DT dropped to about
11 �C; in this case, the power produced would simply be consumed
to run the seawater pumps.

3. Results and discussion

Following the protocol outlined in Section 2, MITgcm was run
for 1000 model years to ensure that all fields and the oceanic
circulation havewell stabilized, including seasonal variations. OTEC
operations were then initiated by imposing fluid sinks (seawater
intakes) and a source (effluent discharge) of given strengths across
the selected OTEC region. As discussed in Section 2, a given scenario
is completely defined by a value of the equivalent OTEC deep
seawater vertical velocity wcw. Single model runs for a 2000 year
simulation took approximately a day using 8 processors.

Fig. 3 represents the focal point of this article. It shows calcu-
lations of seasonally-averaged global OTEC net power production P
as wcw increases. The results correspond to a stable ocean after

1000 additional model years (asymptotic time horizon), and can
therefore be viewed as steady-state estimates. From Equation (2),
OTEC power would grow linearly and indefinitely as a function of
wcw if large OTEC operations did not interfere with ocean temper-
atures. Although the existence of an OTEC net power maximum of
the order of 3e5 TW was demonstrated in simple 1-D analyses
[3,4], this maximum proves much greater, at about 30 TW, and
occurs at values of wcw an order of magnitude larger when using
a fully three-dimensional OGCM. Notwithstanding the complexity
of the more sophisticated model, this discrepancy should be
expected since horizontal transport phenomena in the ocean
dominate their vertical counterparts, especially where density
stratification is strong. In a 1-D model reduced to a vertical water
column, the lack of adequate horizontal transport mechanisms
would amplify the effect of OTEC flow perturbations on the vertical
thermal structure. Consequently, any significant degradation of
OTEC net power productionwould occur at smaller OTEC flow rates
in such a limited modeling context.

The value ofwcw for which OTEC net power is maximal, i.e., 60m
per year, corresponds to a global volume flow rate of 216 Sv for the
distributed OTEC deep seawater intakes and 325 Sv for the
distributed OTEC surface seawater intakes. These are considerable
perturbations when weighed against the strength of large-scale
oceanic processes like the THC, or even the Gulf Stream as it rea-
ches the Grand Banks (about 150 Sv) [22]. Fig. 4 shows how the
time-asymptotic yearly-averaged mixed-layer temperature would
change under this robust OTEC scenario. A significant cooling is
sustained across the OTEC region, whereas warming occurs else-
where as required by the steady-state condition of zero yearly-
averaged heat flux at the ocean surface. This result contrasts
sharply with those from comparable 1-D studies, where the mixed-
layer temperature recovers quickly and shows no long-term change
[3,4,23]. In 1-D models, the invariance of steady-state average
mixed-layer temperature actually is a consequence of the same
steady-state condition of zero mean heat flux at the ocean surface,
but the lack of horizontal dimensions in such models does not
permit the horizontally-distributed non-zero mixed-layer

Fig. 2. The OTEC region defined from the quarter-degree World Ocean Atlas 2005 database [9] (color scale: mean annual temperature difference between water depths of 20 m and
1000 m) (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.).
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temperature changes predictedwith the OGCM. The results in Fig. 4
would have potentially significant global consequences. It is well-
known, for example, that tropical cyclone intensity is relatively
greater when the sea surface temperature (SST) is warmer, and that
the storms themselves induce a localized cooling of the surface
(negative feedback) [24]. A simple SST correlation with tropical
storm intensity holds when all other things are equal, however, and
the massive deployment of OTEC systems would affect some of
these other factors as well. In particular, a deeper mixed-layer and
a weaker underlying thermal stratification are generally predicted
in the present simulations, and such effects would tend to greatly
reduce the negative storm-induced SST feedback on cyclone
intensity [24]. More importantly, it would be premature to draw
conclusions of a climatic nature given the simple coupling
formalism (or lack of coupling) between the ocean and the atmo-
sphere adopted in this study. To resolve atmospheric processes and

better predict oceanic circulation, it would be critical to separate
heat terms (e.g., sensible and latent) [25]; also, the transport of heat
andmoisture in the atmosphere occurs at much shorter time scales,
which tends to somewhat delocalize oceaneatmosphere interac-
tions. Therefore, the present results suggest the need for future
studies with increased resolution and full coupling with the
atmosphere.

While under maximal OTEC net power production, a cooling of
the upper ocean across tropical regions may be viewed as poten-
tially beneficial, the corresponding warming trend elsewhere is
worrisome. Regions of intense coastal upwelling appear to expe-
rience a significant warming, as shown in Fig. 4 along the west
coasts of the Americas and, to a lesser degree, of Africa. Significant
warming periodically occurs in Peruvian and Chilean coastal waters
during El Niño events, with equally significant environmental
consequences for the local food web. During El Niño, however, local

Fig. 4. Change in the annual mean temperature of the ocean surface layer when global OTEC net power production is maximal (wcw ¼ 60 m year�1); black line is OTEC region
boundary.

Fig. 3. Global OTEC net power as a function of wcw.
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upwelling processes weaken considerably and relatively warm
offshore water moves (horizontally) toward the coast; this water is
also depleted of nutrients (oligotrophic) and the normally very
productive food web found along the coasts of Peru and Chile
cannot be sustained. The warming occurring under maximal OTEC
net power production in these regions does not correspond to
a shutdown of the local upwelling processes; instead, it indicates
that deeper water has considerably warmed up, as shown in Fig. 5.
Under such a scenario, the availability of upwelled nutrients
theoretically would persist, although significant ecosystem changes
are still likely to take place. A credible assessment of such changes
clearly is beyond the scope of this study.

Another point of potential concernwhen considering Fig. 4 is the
warming of the upper ocean in some key high-latitude regions.
Framing the present results (from unrelated numerical experi-
ments) in the context of Global Warming may be debatable, but

doing so is hard to avoid given the reality and importance of the
Global Warming issue. One of the most critical and poorly under-
stood phenomena within Global Warming is the evolution of the
large glaciers covering Greenland. Between 1990 and 2010, waters
just South of Greenland have warmed up by 2 �C [26]. For the same
area, Fig. 4 shows a warming of about 1.35 �C, e.g. at (58�N, 46�W).
Given the magnitude of OTEC deployment corresponding to
maximal net power production (wcw ¼ 60 m year�1), there is
virtually no chance that this additional, hypothetical forcing would
occur within a time frame immediately relevant to Global Warming
(say, within the 21st Century). At best, more sophisticated studies
would be warranted to gain a more realistic understanding of
potential feedbacks between a changing background environment
and the large-scale implementation of OTEC. Meanwhile, Fig. 6
shows the dependence of the average annual warming of the
ocean’s surface layer at (58�N, 46�W) on wcw within the present

Fig. 6. Change in the annual mean temperature of the ocean’s surface layer as a function of wcw just South of Greenland (58�N, 46�W).

Fig. 5. Change in the annual mean temperature of the OTEC deep seawater intake layer when global OTEC net power production is maximal (wcw ¼ 60 m year�1); black line is OTEC
region boundary.
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modeling framework. Comparing Figs. 3 and 6 could allow, in
principle, an assessment of global OTEC net power productionwhile
constraining the warming of surface southern Greenland waters.
With a limit of 0.25 �C, for example, a global annual OTEC net power
production of 7 TW could be achieved with wcw ¼ 5 m year�1.
Although this flow rate is an order ofmagnitude smaller than for the
unconstrained maximum power output, the corresponding power
production remains relatively high because the oceanic thermal
structure hardly changes from its unperturbed state.

Fig. 7 shows OTEC net power density at wcw ¼ 60 m per year if
OTEC flows had no effect on the thermal structure of the ocean.
Such a map is based on a hypothetically undisturbed thermal
resource, and is easily drawn from the data in Fig. 2 and Equation
(2). Values range between between 500 and 1000 kW km�2. If the
modified temperature field is used instead, it can be seen in Fig. 8

that OTEC net power densities fall below about 750 kW km�2,
and, for the most part, below 500 kW km�2. In fact, many outlying
regions essentially would produce little net power.

Finally, Fig. 9 reveals a strong dependence of the Atlantic THC on
wcw in the OGCM simulations, with a doubling at wcw z 60 m per
year. This contrasts with the results of a study based on inter-
connected 1-D domains, where OTEC flows had no time-asymptotic
(steady-state) effect on the Atlantic THC [5]. The strength of the
THCwas shown to be sensitive to the diapycnal diffusion coefficient
in numerical experiments using surface relaxation boundary
conditions [27]. It is plausible that massive OTEC flows through the
upper water column of tropical oceans have a similar impact as
they increase the scale thickness of the thermocline. On the other
hand, if for environmental reasons, OTEC deployment were limited
to wcw z 5 m per year, the THC would be little affected.

Fig. 8. Annual OTEC net power density from OGCM predictions of the ocean’s temperature field when wcw ¼ 60 m year�1.

Fig. 7. Annual OTEC net power density if no change of the ocean’s thermal structure occurred when wcw ¼ 60 m year�1.
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4. Conclusions

Large-scale OTEC operations were represented with fluid sour-
ces and sinks of prescribed strength in global (4� � 4�) simulations
performed with the ocean general circulation model MITgcm.
Steady-state (time-asymptotic) results obtained after 1000 model
years show similarities, but also significant differences with pub-
lished one-dimensional studies. As suggested in these simpler
approaches, global OTEC resources would be constrained by OTEC
flow effects on the stability of the vertical oceanic thermal struc-
ture. The resource limit is several times greater in a full three-
dimensional context, however, with an estimated maximum
OTEC net power production of about 30 TW. A larger value than in
a 1-D context was expected since horizontal transport phenomena
(advection and diffusion) are orders of magnitude larger than their
vertical counterparts in the ocean. With massive OTEC operations,
much of the heat transferred from the atmosphere to the ocean in
tropical regions would be transported horizontally elsewhere
before the local temperature stratification could be adversely
affected. It is noteworthy that the cooling of the tropical oceanic
mixed-layer, which is the driving mechanism for an induced heat
flux from the atmosphere to the ocean in tropical areas, is predicted
to persist in the present model. In 1-D analyses, mixed-layer
cooling under large-scale OTEC scenarios is a transient phenom-
enon instead. A persistent tropical surface cooling would be
balanced by a warming trend in the higher latitudes and in regions
of strong coastal upwelling, the extent of which may set practical
environmental limits to massive OTEC deployment. The large OTEC
flow rates corresponding to maximum net power production are
also shown to significantly boost the oceanic thermohaline circu-
lation (THC). In the Atlantic, for example, the THC would essentially
double from about 15 Sv. In simple interconnected 1-D approaches,
large OTEC flow rates do not permanently affect the THC.

The present work is believed to represent an important step
toward a better quantification of OTEC resources using state-of-the-
art numerical models of the ocean. Many aspects of the OGCM runs
performed in this study are amenable to improvement, refinement
and critical evaluation. In particular, the effects of grid resolution,
model parameterization and level of coupling between the ocean
and atmosphere deserve to be investigated. Some of this work has
been initiated. In addition, there are more realistic ways to map the

future development of OTEC resources, both in time and in
geographic extent, than to impose a uniform implementation
across all initially favorable oceanic areas. Such scenarios could also
serve as a basis for further modeling.
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Nomenclature

cp seawater specific enthalpy (J kg�1 K�1)
dH enthalpy change in global ocean (J)
m mass of seawater in computational cell (kg)
Pnet OTEC net power (horizontal) density (W m�2)
Ppump OTEC seawater pumping power (horizontal) density

(W m�2)
P global seasonally-averaged OTEC net power (W)
Qcw OTEC deep seawater flow rate (m3 s�1)
T absolute temperature of OTEC warm seawater (K)
t time (s)
to initial run time (s)
wcw OTEC equivalent deep seawater vertical velocity (m s�1)

Greek letters
g ratio of OTEC surface seawater flow rate over OTEC deep

seawater flow rate
DT OTEC seawater temperature difference between surface

and 1000 m depth (�C)
εtg combined OTEC turbo-generator efficiency
q potential temperature (�C)
r average seawater density (kg m�3)
sS ocean surface relaxation time for salinity (s)
sT ocean surface relaxation time for temperature (s)
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