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The Gulf Stream system features some of the fastest andmost persistent currents

in the Atlantic Ocean and has long been identified as a promising target for renewable
ocean current energy. This study investigates the theoretical energy potential of ocean
currents for the Gulf Stream system. A simplified analytical model is calibrated and
utilized to represent the quasi-geostrophic balance in the North Atlantic subtropical
circulation. The effect of turbines is included in the model as additional turbine drag
force. The energy equation in the system is derived and analyzed both locally and
basin-wide. Basin-wide, energy production from surface wind stress is balanced
by energy dissipation from natural friction and turbines. However, the pressure gra-
dient is playing an important role in redistributing the energy in the local energy bal-
ance. It is found that increasing turbine drag does not necessarily increase total
energy dissipation from turbines. The maximum energy dissipation by turbines is
estimated to be approximately 44 GW, although electrical power output will be sig-
nificantly reduced due to various engineering and technological constraints. The tur-
bine drag has significant impact on the circulation system. The reduction of energy
and volume fluxes in the circulation is featured for different levels of turbine drag. It
is found that residual energy flux along the western boundary can be significantly
reduced under the peak energy dissipation by turbines, while reduction of volume
flux is less extreme.
Keywords: Gulf Stream system, ocean current energy, energy dissipation by turbines
ences, friction, and interactions with
shorelines and the seabed. Besides
Introduction
Surging energy consumption in re-
cent years together with increasing
public awareness of environmental
protection has spurred growing interest
in renewable energy from the ocean
(Vanek & Albright, 2008). Ocean cur-
rents are an attractive resource of re-
newable energy due to their inherent
reliability, predictability, and sustain-
ability. The general ocean circulation
is a combined result of forces including
wind stress, Coriolis force, pressure gra-
dients, temperature and salinity differ-

these, tides, river discharge, and surface
atmospheric pressure gradients also
play roles in shaping the currents
(Leaman et al., 1987). In most basins,
ocean circulations exist in the form of
ocean gyres representing large rotating
currents. In the North Atlantic ocean,
due to the rotation of the spherical
earth and westward trade winds, the
subtropical gyre is pushed toward the
west side of the basin resulting in
pile-up of water mass along the eastern
boundary of the continent. The west-
ward trade winds in the tropics and the
eastward westerlies at midlatitudes
exert a clockwise friction and thus a
negative curl on the ocean surface, re-
sulting in the equatorward Sverdrup
Drift (Sverdrup, 1947). The widely
known Gulf Stream system is formed
by the equatorward depth-integrated
flow returning northward in the west-
ern boundary. Western boundary
currents are narrower and deeper than
the eastern boundary currents and
can be 10 times faster and carrying
five times as much water (Gross,
1993). The Gulf Stream within the
Florida Strait has an ocean current
speed exceeding 2 m/s (Hanson et al.,
2011).

Various ocean current energy as-
sessment studies have been performed
for the Gulf Stream. The earliest sys-
tematic research programs on ocean
current energy assessment for the
July/Augu
Gulf Stream date back to the 1970s.
A research project named “Coriolis
Program” predicted that an amount of
about 10 GW of hydrokinetic power
could be extracted from theGulf Stream
using turbines (Lissaman, 1979). A
more conservative prediction made by
Von Arx et al. (1974) suggests an
amount of up to 1 GW kinetic energy
can be extracted from the Gulf Stream
by turbine arrays without seriously dis-
rupting climatic conditions. However,
neither author elucidated on the details
of their resource estimates. Recently,
Duerr and Dhanak (2012) considered
a fraction of the undisturbed power
density in the Gulf Stream as equiv-
alent to the available power potential
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and estimated that to be in the range of
approximately 20–25 GW.

According to the National Research
Council (NRC, 2013), the first level
of assessments provides estimates of
the theoretical resource as the maxi-
mum level of resource extraction possi-
ble given the feedback associated with
energy removal. Power density-based
approaches are useful for identifying
high-energy regions and preliminary es-
timates of energy resources for a single
or a small number of devices, as long
as there is a negligible change to the ex-
isting flow. However, power density
only characterizes the undisturbed ki-
netic energy transport by the flow, but
not the generation rate of energy by tur-
bines. A large number of devices can
block the flow and reduce the current
velocity, thereby reduce the generated
power from each device. To incorporate
the effect of reduced flow velocity that
results from the presence of turbines, it
is desirable to study the dynamics of the
system in order to estimate the theoret-
ically extractable energy. Analytical dy-
namic models for estimating power
potential from tidal streams (Garrett &
Cummins, 2005) and atmospheric jet
streams (Miller et al., 2011) have already
been proposed. Unfortunately, success-
ful analytical models of a similar nature
do not yet exist for open ocean currents.
Although tidal currents and open ocean
currents share obvious similarities, they
are fundamentally different regarding
their dynamic mechanisms. Tidal
stream currents are primarily driven by
head difference between the entrance
and exit of the channel, while ocean cur-
rents are in quasi-geostrophic balance
and driven primarily by surface wind
stress. The present study is dedicated
to filling in this knowledge gap and pro-
viding a simplified theoretical estimate
of recoverable energy resources from
the Gulf Stream system.
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The Model
Although forces such as tempera-

ture and salinity gradients play impor-
tant roles in the general circulation of
the oceans, the surface ocean circulation
is primarily driven by surface wind
(Wunsch & Ferrari, 2004). Therefore,
the present study only considers the
wind-driven circulation with friction,
while all other forces are neglected. En-
ergy extraction using underwater tur-
bines can also be considered as energy
dissipation from turbines in addition
to natural dissipation. Therefore, it is
beneficial to first investigate the energy
balance in the circulation. Csanady
(1989) estimated that the total energy
dissipation from the western boundary
current in the North Atlantic is approx-
imately 70 GW. Wunsch (1998), con-
sidering wind as the major energy
source of surface currents, concluded
that about 20GWof energy is attributed
to driving the wind-driven circulation in
the Atlantic. However, these numbers
only provide an estimate of the undis-
turbed natural dissipation rate in the
Gulf Stream, and bear high uncertainty.

The analytical model for the present
study investigates energy dissipation
from added turbines, a more realistic
measure of extractable energy resources
from the Gulf Stream system. This
model is based on the model proposed
by Stommel (1948). The computational
domain is a simplified rectangular basin
with a flat bottom representing the
North Atlantic Basin. The positive x di-
rection is eastward, and the positive y
northward. The horizontal and vertical
extensions of the idealized basin are in-
spired by the real dimensions of the
North Atlantic Basin. Water density is
assumed constant, and the flow is as-
sumed steady. In the ocean, the advective
terms (nonlinear terms) aremuch smaller
than the Coriolis term (i.e., Rossby num-
ber ≪ 1), and therefore can be neglected
al
(Vallis, 2006). The reduced shallow
water quasi-geostrophic equations con-
sist of two horizontal momentum equa-
tions and the continuity equation:

�fv ¼ � 1
ρ
∂p
∂x

þ Fx þWxð Þ
ρ

ð1Þ

fu ¼ � 1
ρ
∂p
∂y

þ Fy þWy
� �

ρ
ð2Þ

∂u
∂x

þ ∂v
∂y

¼ 0 ð3Þ

where ρ is the water density, p is the
pressure, f is the Coriolis parameter,
Wi is the surface wind stress in i direc-
tion, Fi is the opposing forces associated
with natural friction, turbulence, and
possibly turbine drag in i direction (i =
x, y). (x, y) are the east-west, north-
south axes, and (u, v) are two correspond-
ing horizontal velocity components.

Since the depth of the ocean (on the
order of 1 km) is much smaller than its
horizontal extensions (on the order of
1,000 km), shallow water approxima-
tion and hydrostatic pressure are reason-
ably assumed. Therefore, horizontal
pressure gradients are simplified to the
following:

∇hp ¼ ρg∇hη ð4Þ

where η is the free surface elevation.
Under the β-plane approximation,
the Coriolis parameter can be approx-
imated as

f ¼ f0 þ βy ð5Þ

where f0 and β are constants defined as
f0 = 2Ω sinθ0 and β ¼ 2Ω cosθ0

a with Ω
as the rotation rate of the earth, a as
the earth radius, and θ0 as a reference
latitude.



By cross-differentiating the twomomentum equations and subtracting, the pressure gradient terms are eliminated, resulting
in

f
∂u
∂x

þ ∂v
∂y

� �
þ βv ¼ 1

ρ

∂ Fy þWy
� �

∂x
� ∂ Fx þWxð Þ

∂y

� �
: ð6Þ

The first term of the above equation is eliminated using the continuity equation. The number of unknowns can be re-
duced by defining a stream function as

u ¼ ∂Ψ
∂y

; ð7Þ

v ¼ �∂Ψ
∂x

: ð8Þ

Boundary conditions require that both velocity components are zero at the basin boundaries, namely no slip and no pen-
etration at the boundaries:

u x; 0ð Þ ¼ u x; bð Þ ¼ u 0; yð Þ ¼ u a; yð Þ ¼ 0; ð9Þ

v x; 0ð Þ ¼ v x; bð Þ ¼ v 0; yð Þ ¼ v a; yð Þ ¼ 0; ð10Þ

where a is the basin length in east-west direction and b is the basin width in north-south direction.
The ocean general circulation is primarily governed by the forcing of the wind; therefore, only wind stress is considered as

the driving force in this model. The prevailing wind system on the surface of the North Atlantic ocean include easterly trade
winds in the tropics and the westerlies in the middle latitude, exerting a clockwise and negative curl on the ocean surface. A
convenient way to represent such wind patterns is to assume a sinusoidal wind profile:

Wx yð Þ ¼ � τ0
H

cos
π
b
y

� �
; ð11Þ

where H is the uniform depth of the ocean basin and τ0 is maximum wind stress.
The drag force is commonly assumed to be proportional to the current velocity square, although it can also be assumed to

be proportional to the current velocity to simplifymathematics (i.e., the simplest case in Garrett &Cummins, 2005). To keep
this model basic, the drag associated with natural friction and turbulence, and possibly turbines is assumed to be linearly
proportional to the current velocity. The undisturbed natural drag (i.e., without presence of turbines) is written as

~F ¼ �Cdρ
H

~V ð12Þ

where Cd is the natural drag coefficient and has the dimensions of velocity in the present setting.
Without the presence of turbines, this model essentially simplifies to the Stommel’s model. The solution of Stommel’s

model is also explained in great detail by Stewart (2008). The details of the derivation are skipped here, and the solution
becomes

Ψ x; yð Þ ¼ b2

π2
N

1� em2a

em1a � em2a
em1x þ em1a � 1

em1a � em2a
em2x � 1

� �
sin

πy
b

� �
; ð13Þ

�
M þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M 2 þ 4π2

2

q � �
M �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M 2 þ 4π2

2

q �

where M ¼ βH

Cd
, N ¼ τ0π

ρbCd
, m1 ¼ � b

2
, and m2 ¼ � b

2
.
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Two velocity components are then found to be

u ¼ b
π
N

1� em2a

em1a � em2a
em1x þ em1a � 1

em1a � em2a
em2x � 1

� �
cos

πy
b

� �
; ð14Þ

v ¼ � b2

π2
N

1� em2a

em1a � em2a
m1em1x þ em1a � 1

em1a � em2a
m2em2x

� �
sin

πy
b

� �
: ð15Þ

Model Calibration
Before the model can be used to calculate energy dissipation, it needs to be

calibrated to make sure it reproduces reasonable flow properties. Considering
the great complexity and variability of the Gulf Stream system, as well as the sim-
plicity of this analytical model, it is reasonable to calibrate according to only time
averaged bulk flow properties, ideally volume flux and kinetic energy flux.

The basin is defined as a = 6,000 km long in x direction and b = 3,142 kmwide
in y direction. The Coriolis parameter β in the middle latitude is approximately
2 × 10−13cm−1sec−1. The “basin depth” H in this model is not the mean physical
ocean depth, but the depth of surface layer primarily driven by surface winds (i.e.,
Ekman layer). Stommel (1948) proposed the basin depth H = 200 m, maximum
wind stress τ0 ¼ 10�5N

cm2 , or 1 dyn
cm2, and natural drag coefficientCd ¼ 0:02 cm

s

� �
; how-

ever, these parameters are further calibrated below.
The calibrated model needs to be able to reproduce most reasonable bulk flow

properties including volume flux and energy flux in the selected cross-section on
the western boundary that represents the Gulf Stream. In this study, 7 years of
Hybrid Coordinate Ocean Model (HYCOM) data are used to calculate the ref-
erence volume and energy fluxes. HYCOM is a data assimilative hybrid isopycnal-
sigma-pressure, primitive equation ocean circulation model that evolved from the
Miami Isopycnic-Coordinate Ocean Model (MICOM) (Bleck, 2002; Halliwell,
2004). The HYCOM-NCODA Gulf of Mexico Analysis (GoMa) data from the
HYCOMonline database (http://www.hycom.org) are used in this study.HYCOM-
NCODAGoMa (HYCOMhereafter for short) has a spatial coverage extending from
18°N to 32°N in latitude and 98°W to 76°W in longitude with a 1/25 equatorial
resolution. In the vertical, it has 40 layers.

To ensure the quality of theHYCOMmodel data, theHYCOMmodel data in
the vicinity of the chosen cross-section is validated against submarine cable data,
which runs across the Florida Strait and measures the volume transport through
the Florida Strait channel. This measurement is based on the working principle
that the flow through the earth’s magnetic field induces a voltage in the cable,
which after calibration can measure the volumetric flow (Larsen & Sanford,
1985). The Atlantic Oceanographic and Meteorological Laboratory of National
Oceanic and Atmospheric Administration provides online cable data from 1982 till
present (available on http://www.aoml.noaa.gov/phod/floridacurrent/). Figure 1
shows the location of the selected cross-section in theGulf Stream system both in a
real geographical map and in the idealized ocean basin. Figure 2 shows the time
series of volume fluxes through the same cross-section from both HYCOM and
cable measurement. The mean volume flux fromHYCOM isQHYCOM = 31.6 Sv,
and the mean volume flux measured by submarine cable is Qcable = 31.4 Sv. It
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demonstrates that the HYCOM data
are fairly accurate in predicting the
bulk flow properties of the Gulf
Stream system.

For different combinations of basin
depthH, maximum wind stress τ0, and
natural drag coefficient Cd, the model
produces different flow solutions and
therefore different volume flux

Q ¼
Z
~V ⋅d~A ð16Þ

and energy flux

Ef ¼ 1
2
ρ
Z
j~V j2~V ⋅d~A ð17Þ

through the selected cross-section. The
goal of calibration is tofindmodel param-

eters that minimize both
��� Qa
Qm

� 1
��� and��� EfaEfm

� 1
���, where the a andm subscripts

represent analytical and HYCOM re-
sults, respectively. Since these quanti-
ties do not always reach a minimum
for the same combination of param-
eters, a compromised strategy is tomin-
imize a new parameter called the “Error
Factor” (E.F.):

E :F : ¼
�
Qa

Qm
� 1

�2

þ
�
Efa

Efm
� 1

�2

:

ð18Þ

Figure 3 shows the variation of E.F.
as a function of model parameters.
Results show basin depth H = 140 m,
wind stress τ0 ¼ 1 dyn

cm2, and natural drag
coefficientCd ¼ 0:021 cm

s lead to the op-
timal model performance in terms of un-
disturbed volume and energy fluxes in
the Gulf Stream cross-section.
Energy Balance
When turbine drag is added, en-

ergy dissipation will be comprised
of natural dissipation and dissipa-
tion by turbines, a fraction of which



can be collected by turbines and converted into electricity. The presence of turbines is incorporated in the model as additional
turbine drag. Similar to natural drag, the additional turbine drag ~T is assumed linearly proportional to current velocity in the
following form

~T ¼ �Ctρ
H

~V ð19Þ

whereCt is the turbine drag coefficient and, similar toCd, has a dimension of velocity. The total drag force in themodel becomes
Ct þCdð Þρ

H
~V . The solution of the flow has the same form as the no turbine case, except that Cd is replaced with (Cd + Ct) in

Equations 14 and 15.
The mechanical energy equation may be found by multiplying Equations 1 and 2 with horizontal velocity components u

and v and adding them together, eliminating the Coriolis terms, resulting in

� u
ρ
∂p
∂x

� v
ρ
∂p
∂y

þ Fx þWx

ρ
uþ Fy þWy

ρ
v ¼ 0: ð20Þ

Substituting Equations 11 and 12 for the wind stress and drag force into above equation and including turbine drag, we get
the following mechanical energy balance equation:

� uH
∂p
∂x

þ v H
∂p
∂y

	 

� ρCd u2 þ v2

� �� �� ρCt u2 þ v2
� �� �� τ0 u cos π

y
b

� �h ih i
¼ 0: ð21Þ
FIGURE 1

Location of the selected cross-section (red line) in the Gulf Stream system, through which volume flux and energy flux are calculated and compared:
(a) the North Atlantic Basin (upper) and (b) the simplified basin with analytical streamlines from Equation 13 (lower). (Color versions of figures are
available online at: http://www.ingentaconnect.com/content/mts/mtsj/2013/00000047/00000004.)
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The four terms in the above equa-
tion are work done by pressure gradi-
ent Ppres, natural dissipation Dnatural,
energy dissipation by turbines Dturbine,
106 Marine Technology Society Journ
and the energy production from sur-
face wind stress Pprod, respectively.
The dissipation terms are all negative
indicating a loss of energy whereas
al
the production term is positive indicat-
ing a gain in energy. The ocean basin is
considered a closed system, and Equa-
tion 21 is integrated over the entire
FIGURE 3

(a) Error Factor (E.F.) as a function of varying maximumwind stress τ0 and natural friction coefficient Cd for different depth (left) and (b) E.F. minimum
as a function of depth (right).
FIGURE 2

Time series of volume fluxes through the selected cross-section from both HYCOM and the submarine cable measurement.



domain. By substituting the solutions from Equations 14 and 15 into the following
integration, it is found that

Z a

x¼0

Z b

y¼0
�ρCd u2 þ v2

� �� ρCt u2 þ v2
� �� τ0 u cos π

y
b

� �h i
dx dy ¼ 0: ð22Þ

Therefore, we also have

Z a

x¼0

Z b

y¼0
uH

∂p
∂x

þ v H
∂p
∂y

	 

dx dy ¼ 0: ð23Þ

Equations 22 and 23 essentially mean in this closed circulation system, energy
is solely produced from wind stress (Pprod) and dissipated from natural dissipation
(Dnatural) and turbines (Dturbine). Work by pressure gradient Ppres only serves to
redistribute energy in the basin but does not produce or dissipate energy.

The turbine drag coefficient Ct would typically be a function of the number,
spacing, and size of the turbines. Intuitively, the greater this turbine drag coeffi-
cient, the stronger energy extraction will be and the more energy dissipation oc-
curs. However, due to the simplicity of the present model, no explicit relationship
between turbine drag coefficient Ct and particular turbine properties exists. Al-
though increases in the turbine drag coefficient can be thought of as adding
more turbines or increasing their size thereby further dissipating the flow field
and reducing the velocity. The flow speed jV j ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

u2 þ v2
p

as well as the total
energy dissipation from turbines are indirect functions of Ct :

Z
Dturbine Ctð ÞdA ¼ �

Z
CtρjV Ctð Þj2dA: ð24Þ

Therefore, the total energy balance from Equation 22 in the circulation system
is rewritten as

�
Z
τ0 cos π

y
b

� �
u Ctð Þ⋅dA ¼

Z
CdρjV Ctð Þj2dAþ

Z
CtρjV Ctð Þj2dA: ð25Þ

The left-hand side represents the energy production, and the right-hand side
the energy dissipation. In Equation 25, as Ct increases, current velocity in the cir-
culation will decrease due to increased friction, which will reduce the left-hand side
term (i.e., energy production by wind stress) and hence the sum of two terms on the
right-hand side (i.e., total dissipation in the system).
Effects of Turbine Dissipation
The total energy dissipation by turbines is shown in Figure 4 as a function of

turbine drag coefficient Ct. The red curve corresponds to the case with calibrated
model parameters. Model parameters have also been perturbed around their
calibration values to show the range of energy dissipation changes. The trend of
energy dissipation from turbines is very obvious. When no turbines are included
(i.e., turbine drag coefficient Ct = 0), the ocean current is undisturbed and energy
July/Augu
dissipation by turbines is zero. At the
same time, the natural dissipation is
at its highest (≅94 GW ). This number
is not far from the estimate by Csanady
(1989), which is about 70 GW. As the
turbine drag coefficient Ct increases
from zero, the energy dissipation by
turbines also increases until Ct reaches
about 0.04, where energy dissipation
from turbines Dt reaches its highest
(≅44 GW ). As Ct increases to beyond
0.04,Dt decreases withCt, whichmeans
adding more turbines will not result in
more total dissipation from turbines,
but simply further blocks the current
flow. Physically, it is because, although
the number of turbines increases, the
energy dissipation from each turbine
decreases. As the turbine drag increases,
the natural dissipation rate decreases
monotonically.

It is seen that maximum total en-
ergy dissipation by turbines is achieved
when turbine drag coefficient is about
twice of the natural drag coefficient.
This essentially means increasing the
basin dissipation by about a factor of
3 produces the limiting result corre-
sponding to about twice as much en-
ergy dissipation by the turbines as is
dissipated naturally. However, it is im-
portant to note that the total dissipa-
tion under this scenario is actually
less than the undisturbed natural dissi-
pation without any turbines because of
the increased total drag coefficient.

It is also beneficial to look at the
spatial variation of each component
in the local energy balance shown in
Equation 21. Figure 5 shows the spa-
tial variation of each term from Equa-
tion 21 with no turbines (Ct = 0). In
this condition, no energy is dissipated
from turbines (Figure 5a), and all dis-
sipation is in the form of natural dissi-
pation (Figure 5b). Most of the natural
dissipation occurs on thewestern bound-
ary, where the currents are the strongest.
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Energy production by wind is the
highest on the northern and southern
boundaries and fairly weak elsewhere
(Figure 5c). Obviously local energy
production by wind stress and local en-
ergy dissipation are imbalanced, and
therefore work from pressure gradient
Ppres is needed for the local energy to
remain balanced (Figure 5d). It is al-
ready verified in Equation 23 that the
pressure gradient has no contribution
to the total basin-wide energy balance
but functions to redistribute energy so
that energy is locally balanced. This is
highlighted on the western boundary,
where energy production from wind
stress is fairly weak while the energy
dissipation is the highest. Therefore,
it is both the wind stress and the pres-
sure gradient that sustain the high level
of energy dissipation along the western
boundary.

Figure 6 shows the same spatial var-
iation of each term from Equation 21,
but with the maximum level of energy
dissipation by turbines (Ct = 0.04).
Energy dissipation by turbines is no
longer zero, and natural dissipation is
reduced. Energy production by wind
stress slightly decreases and the western
boundary broadens. It is also noticed
that even though additional turbine
drag is uniformly applied to the entire
basin, most of the energy dissipation by
turbines occurs within about 100 km
of the western boundary. Therefore, the
energy dissipation by turbines from
present study provides a reasonable
first approximation of energy dissipa-
tion by turbines only within the west-
ern boundary.

In perfect geostrophic flow, Coriolis
force is balanced by pressure gradient,
and flow is directed parallel to lines of
constant pressure. In the case of quasi-
geostrophic flow, although friction is
considered, the nature of the pressure
gradient counterbalancing the Coriolis
FIGURE 4

Calibrated total energy dissipation by turbines (red) and by natural friction (blue) as functions

of turbine drag coefficient; maximum wind stress τ0
dyn
cm2

� �
and natural drag coefficient Cd

cm
s

� �

are perturbed around calibrated values to give an envelope of the range of energy dissipation by
turbines.
FIGURE 5

Spatial variation of each term from Equation (21) with no turbines: (a) density of energy dissipation
by turbines (Dturbine), (b) density of natural energy dissipation (Dnatural), (c) density of energy pro-
duction by wind (Pprod), and (d) work done by pressure gradient (Ppres).



force is still dominant. Figure 7 com-
pares the surface elevation in the basin
with no turbines (Figure 7a) and with
turbines that correspond to maximum
Dturbine (Figure 7b). It is seen that, as
turbine drag is applied, the water sur-
face is flattened. The surface elevation
gradient in x direction ∂η

∂x along the
western boundary is significantly re-
duced, resulting in a reduced pressure
gradient ∂p

∂x. Despite the decrease in
total dissipation, the Coriolis force fv
July/Augu
in the x direction at the same region
is correspondingly reduced due to the
reduced pressure gradient forcing
resulting in much weaker currents.
Potentially, this implies the additional
turbine drag may slightly raise the sea
level in Florida and lower it in the
Bahamas.

The effects of turbines can be
evaluated in terms of the changes in
streamlines as shown in Figure 8 and
in residual kinetic and volume energy
fluxes at different cross-sections of
the circulation with different levels of
energy dissipation by turbines as
shown in Figure 9. With no turbines
(Ct = 0), the flow is in undisturbed
state. The western boundary cross-
section (θ = 0°) has the highest energy
flux passing through, approximately
24 GW. As the angle increases from
0° to 50°, the kinetic energy flux de-
creases mildly. As the angle increases
beyond 50°, the residual kinetic energy
flux decreases more rapidly with the
angle. When the turbine coefficient is
Ct = 0.01, about 28 GW of power is
dissipated from turbines, and the re-
sidual energy flux in the circulation is
FIGURE 6

Spatial variation of each term from Equation (21) with turbines (Ct = 0.04): (a) density of energy
dissipation by turbines (Dturbine), (b) density of natural energy dissipation (Dnatural), (c) density of
energy production by wind (Pprod), and (d) work done by pressure gradient (Ppres).
FIGURE 7

Ocean surface elevation with lines of constant pressure: (a) case without turbines (left) and (b) case with turbines (Ct = 0.04) (right).
st 2013 Volume 47 Number 4 109



reduced. The residual energy flux
through the western boundary cross-
section drops to about 7.8 GW,
about one third of the undisturbed
level (Figure 9a). However, the resid-
ual volume flux only drops to about
21 Sv from the undisturbed level of
about 23 Sv (Figure 9b). As more tur-
bines are added and the turbine drag
coefficient increases to Ct = 0.02, ap-
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proximately 38 GW of power are dis-
sipated from turbines. At the same
time, the residual energy flux on the
western boundary drops to about
3.3 GW, approximately 14% of undis-
turbed level. The residual volume flux
drops to about 18 Sv. If we further
increase the turbine drag coefficient
to Ct = 0.04 so that energy dissipation
by turbines is maximized, the residual
al
energy flux through the western bound-
ary cross-section drops to about 1 GW
or 4% of the undisturbed (Figure 9a).
The residual volume flux goes down to
about 15 Sv. Further increasing Ct will
not generate more dissipation by tur-
bines but further reduce the residual
fluxes. It should be noted that the de-
crease in residual volume flux is likely
due to the uniform turbine dissipation.
FIGURE 8

Streamlines of the circulation: (a) Undisturbed with multiple cross-sections every five degrees (left) and (b) with turbines (Ct = 0.04) (right).
FIGURE 9

(a) Residual energy flux for each cross-section defined in Figure 8with different levels of energy dissipation from turbines (left) and (b) residual volume
flux as a function of turbine drag coefficient Ct (right); Ct that corresponds to maximum dissipation by turbines is marked with red dash line.



In reality, if dissipation were to only
occur in the region with strongest cur-
rents, i.e., along the western boundary,
there is likely to be little change to the
overall volume flux.
Summary and Conclusions
In this paper, Stommel’s model

is utilized to represent the quasi-
geostrophic balance in the subtropical
ocean circulation in theNorth Atlantic.
This analytical model is calibrated
against 7-year averaged HYCOM
model data to ensure it reproduces rea-
sonable bulk flow properties on the
western boundary. In this circulation
system, energy is produced by surface
wind stress and dissipated by natural
dissipation and turbines, although the
pressure gradient is playing an impor-
tant role in redistributing energy. Tur-
bines are represented in the model as
additional drag, applied to the entire
domain to facilitate mathematical ma-
nipulation. It is estimated the system
can sustain energy dissipation by tur-
bines up to approximately 44 GW at
a turbine drag coefficient twice as big
as the natural drag coefficient. Increas-
ing the turbine drag coefficient further
will not result in more energy dissipa-
tion from turbines, but only more re-
duction in residual flow. When the
energy dissipation from turbines is
maximized, the residual energy flux
on the western boundary is significantly
reduced to about 4% of the undis-
turbed level. The reduction of residual
volume flux is less extreme partly due to
the widening of the western boundary.

The kinetic energy flux along the
western boundary is much higher
than elsewhere due to theCoriolis effect.
Therefore, most of the energy dissipa-
tion occurs along the western boundary
evenwhen a uniform turbine drag is ap-
plied. Although the energy dissipation
by turbines is derived with uniform tur-
bine drag coefficient, it is still a rea-
sonable first approximation of energy
dissipation only from the western
boundary. However, as defined by
NRC (2013), the technically recover-
able resource is the resource extraction
realizable within the limitations of pres-
ently available devices and site-specific
resource intensities and should be much
less than the theoretical estimate pro-
vided here. Such limitations include
wake losses, turbine and transmission
efficiencies, and other engineering and
technological constraints. The exact
percentage of the theoretical resource
that can be converted into electricity
considering Betz’s law and turbine re-
lated efficiencies needs more research
to determine. The typical value of the
overall power efficiency is suggested
to be around 30% (Behaj & Myers,
2003). Assuming a 30% conversion ef-
ficiency from energy removal from the
flow to electrical power, turbines yield
a peak energy potential for electricity
production of about 13 GW from the
Gulf Stream system. Further refine-
ment of the resource estimate to the
so-called practical resource requires
additional constraints such as environ-
mental and economic considerations,
which are far beyond the scope of the
present paper.

In the future, more accurate esti-
mate of energy dissipation by turbines
can be achieved by applying localized
turbine drag along the western bound-
ary, a more complicated but more real-
istic representation of extracting energy
from theGulf Stream system. Analytical
solutions may no longer be possible and
numerical approaches may be desired.
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