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ABSTRACT  |  This paper presents techno±economic summaries 

of ocean wave, tidal and current, ocean thermal, and 

geothermal energy, including grid interface characteristics. 

These forms of energy represent a significant opportunity to 

complement diversified energy conversion portfolios. Ocean 

wave energy conversion relies on the capture of kinetic and 

potential energy in moving and elevated water in an ocean 

wave. Tidal and current technology converts the kinetic energy 

in moving water, much like a wind turbine. Ocean thermal 

converts the energy available in the temperature gradient of 

warm surface water and cold deep water. Last, geothermal 

conversion utilizes the hot rock and water deep within the 

Earth. The total global average wave resource is estimated at 

approximately 2000 GW, with approximately 300 GW in the 

United States. The total global tidal resource is estimated at 

approximately 1000 GW, with 50 GW in the United States. The 

marine current resource estimate for the Florida Current in the 

southeast United States is estimated at 5 GW. Ocean thermal 

has a global capacity estimate of 5000 GW. Last, the global 

conventional hydrothermal geothermal capacity estimate 

is approximately 200  GW, but with much more possible 

through enhanced geothermal systems. For cost, it was found 

that the long-term projected wave energy conversion cost is 

$0.10±$0.15/kWh. The long-term projected tidal cost is found 

to be $0.025±$0.25/kWh. Ocean thermal long-term cost is 

projected at $0.10±$0.18/kWh. And last, geothermal, being 

more closely aligned with traditional thermal generation, is 

estimated at $0.03/kWh to $0.15/kWh.

KEYWORDS  |  Costs; geothermal energy; oceanic engineering 

and marine technology; renewable energy sources; wave power

I .   IN TRODUCTION

Ocean energy and geothermal energy represent a signifi-
cant renewable energy resource. Ocean energy exists in 
several different forms, including potential and kinetic 
energy in waves, tidal and ocean currents, heat gradi-
ents, and salinity gradients. All of these forms, including 
geothermal, are renewable. Ocean energy from waves, 
currents, and ocean thermal is essentially different forms 
of solar energy, while tidal energy is from the Earth–moon 
gravitational interaction. Geothermal energy primarily 
comes from radioactive decay deep within the Earth and 
residual heat from the formation of the Earth [1].

Ocean wave energy is the energy in potential and kinetic 
energy of moving and elevated water within a wave. Tidal 
and current energy is the kinetic energy in moving water, 
such as a stream or tidal inlet. Ocean thermal energy is the 
energy recoverable in the temperature gradient between 
warm surface water and cold deep water. Geothermal 
energy is completely separate from ocean energy, and is the 
energy available in hot rock and water deep underground. 
This paper presents techno–economic summaries of these 
forms of energy, including information on the conversion 
technology and power electronics approach as applicable.

II .   WAV E

A. Resource Characteristics

Uneven heating of the surface of the Earth drives 
wind, and wind across water creates waves. At each stage 
of energy conversion from solar to wind to wave the 
power density increases. For ocean wave power, the den-
sity is on the order of tens of kilowatts per meter of wave 
front (transverse to the direction of wave propagation). 
This high power-density along with good forecastability 
and lower variability—compared to solar and wind [2]—
make ocean wave power an attractive resource.

Waves are created by a combination of factors, but domi-
nant among them for deep-water waves is the creation of a 
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pressure differential across the crest and trough caused by air 
flowing over the wave. As the air moves over the crest of a wave, 
it accelerates, causing relatively lower pressure at the crest then 
at the trough, where the air is moving more slowly.

The waves created by this process experience very little 
damping or friction in deep water, thus they propagate with 
very little loss across the ocean, becoming larger and larger 
as they experience wind systems along their journey. Global 
winds around 30​​​​​ °​​ latitude to 45​​​​​ °​​ latitude—the Westerlies—
blow from west to east. These winds create large wave systems 
that travel west to east across the oceans, making landfall on 
the west coasts of continents, generally stronger the further 
the latitude is away from the equator.

The transfer of energy from the air to the water causes 
the water molecules to move and to elevate. Thus, ocean 
wave energy exists as kinetic and potential energy in water 
molecules transferred one to the other as a wave propagates. 
The energy moves at the wave group velocity, which for 
large ocean swells in deep water is typically on the order of 
5–10 m/s. This relatively slow propagation of energy, com-
bined with very low energy loss, is one reason why wave 
power generally has good forecastability [3].

Wave power is calculated by multiplying the wave 
energy by the group velocity, and is typically 30 kW/m of 
wave front (transverse to the wave propagation direction) 
and higher for a good wave power site (e.g., the West Coast 
of the United States). The equation for wave power is 

	​ P  = ​ 
ρ ​g​​ 2​

 ____ 64π
 ​ ​H​ s​ 

2​ ​T​e​​​[​ W ___ m ​]​​� (1)

where ​P​ is the wave power per meter of wave front (trans-
verse to the direction of wave propagation), ​ρ​ is water 
density, ​g​ is the acceleration of gravity, ​​H​s​​​ is the significant 
wave height, and ​​T​e​​​ is the energy period [4]. Note that the 
power is proportional to wave period, and proportional to 
the square of the wave height.

Fig. 1 shows the ocean power per meter for the United 
States. It is noted that the resource is much larger on the 
West Coast than the East Coast, and that the resource gener-
ally increases from south to north.

The wave climate power is characterized by two fac-
tors: wave height and period. (In contrast to wind or solar 

in which the resource is largely characterized only by wind 
speed and irradiance, respectively.)

The total available wave energy resource along the U.S. 
West Coast (including Alaska) is estimated to be 2640 TWh/yr 
(301 GW average). Assuming 15 MW of rated generation 
per kilometer, the total recoverable wave energy resource 
is 1170 TWh/yr [5]. Comparing to an estimated 3897 TWh 
of electrical energy supplied to the grid in 2015 [6], that is 
approximately 25% of the U.S. electrical needs. The global 
total average wave power estimate is over 2000 GW [7].

B. Wave Energy Conversion Technologies

There are several ways of categorizing wave energy con-
verters (WECs) [8]. Here we present three broad categories: 
oscillating body, oscillating water column, and overtopping.

Oscillating bodies operate on the simple premise that the 
pressure of an ocean wave drives a body to move in a cyclical fash-
ion relative to a fixed point (such as a mooring) or another body. 

Fig. 1. Annual wave energy per meter for the United States (from 
the NREL MHK Atlas, online).

Fig. 2. Columbia Power Technologies SeaRay [9].

Fig. 3. Ocean Power Technologies PB3 PowerBuoy deployed off the 
coast of New Jersey. (Image courtesy of Ocean Power Technologies.)
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This motion can be in any of six degrees of freedom—heave, 
surge, pitch, roll, yaw, and sway—although heave, surge, or pitch 
are the most typically exploited for wave energy. Conversion of 
the energy is typically achieved by placing an electromagnetic or 
hydraulic mechanism between the oscillating body and the fixed 
point, or in the case of multiple bodies, between the bodies.

Examples of oscillating bodies include the SeaRay from 
Columbia Power Technologies, the Powerbouy from Ocean 
Power Technologies, the Weptos WEC, and the NWEI 
(Northwest Energy Innovations) Azura (Figs. 2–5).

The second category is the oscillating water column (OWC). 
OWC devices use the oscillating pressure wave from the ocean 
to cyclically pressurize the air trapped in an enclosed chamber 
[10]. This pressurized air is released through a narrow aperture 
in the chamber to drive an air turbine. Examples of this technol-
ogy include the Limpet (one of the oldest grid connected pro-
jects), the Mutriku wave power plant in Spain, a 500-kW OWC 
at Jeju island in Korea, the Oceanlinx series of wave energy con-
verters, and the Ocean Energy OWC (Figs. 6–8).

The third category is overtopping, in which a ramp or 
narrowed channel causes the water near the crest of a wave 
to spill over a retaining wall and fill a basin. This effectively 
creates a low-head hydro resource, and the energy is con-
verted by running the basin water out through a low-head 

hydro turbine. Some of the earliest and largest projects have 
been of this type, including the Tapchan project in Norway 
and the Danish Wave Dragon project (Fig. 9) [12].

C. Power Electronics and Control

Due to the limited number of grid connected wave 
energy projects to date, there is not a large body of experi-
ence for power electronic conversion of ocean wave power 
in the field. However, some general observations and 
requirements can be surmised. An overview of some of the 
most common conversion strategies is shown in Fig. 10.

In the field of ocean wave energy, the physical mechanism 
that converts the wave energy to another useful form (typi-
cally electrical energy), is called the power takeoff (PTO).

Wave energy converter control, i.e., control of the force 
and velocity of the PTO, is a complex topic. There are sev-
eral linear and nonlinear approaches that have received sig-
nificant attention [15], [16]. The type of control that can be 
applied also depends on the type of PTO used.

For oscillating body type converters, an electrical machine 
connected directly between the bodies will oscillate in both 
negative and positive directions of rotation. If this machine 
is a synchronous type, with the field supplied by permanent 
magnets or a field winding, the oscillating position, speed, 
and acceleration will create a frequency and amplitude mod-
ulated back-EMF. This can be managed via rectification of 
the generator electrical output via a diode-bridge to a direct 
current (dc) link. An inverter can then couple the dc link to 
the alternating current (ac) mains [17]–[19]. The advantage 
of this design is simplicity, however, control over the genera-
tor torque is generally imprecise—limited to controlling the 

Fig. 4. Weptos WEC. (Image courtesy of Weptos.)

Fig. 5. Northwest Energy Innovations (NWEI) Azura. (Image 
courtesy of NWEI.)

Fig. 6. (a) Pico OWC. (b) Demonstration plant at Toftestallen [11].

Fig. 7. Oceanlinx MK1 full scale prototype [11].
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dc link voltage to control the generator RMS current—and 
power quality of current in the generator will be poor. Another 
option is to use an ac–ac converter (e.g., a matrix converter 
or back-to-back inverters) to couple the variable generator 
output to the ac mains [20]–[23]. This is more complex, but 
affords greater precision and control, particularly the ability 

to motor the wave energy converter, which is momentarily 
required in some cases of optimal control [16].

Example waveforms for a directly connected linear gen-
erator are shown in Fig. 11.

Fig. 9. Wave Dragon overtopping WEC [13].

Fig. 8. Wavegen Mutriku breakwater [11].

Fig. 10. Wave energy conversion strategies [14]. Linear motion can be converted to rotary motion (or vice versa) via belt or chain drives, 
rack and pinions, sliding screw systems, or crank shaft systems. The blue outline box contains typical components of a hydraulic system, 
and the red outline box contains typical components of a direct-drive electromagnetic system.
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Here it can be seen that current produced by the 
machine, before being processed by the power electronics 
for grid connection, is both frequency and amplitude modu-
lated in accordance with the machine speed, and that the 
power produced varies with the ocean wave excitation with 
a periodic behavior of approximately 5 s.

In some cases for oscillating body type converters a hydraulic 
machine is used as the main PTO, with an electrical generator 
connected to the hydraulic machine. In that case check valves 
are often used to rectify the hydraulic fluid and thus allow for 
unidirectional rotation of the electrical generator. This allows 
the use of grid-connected induction generators, very similar in 
application to early wind turbines [24]. (Though it is noted that 
directly connected induction generators have poor fault charac-
teristics, and are not encouraged by modern standards [25].)

Electrical standards for ocean wave energy are IEC/
TS 62600-100, which covers measurement of power and 
energy and determination of WEC power curves and mean 
annual energy production, and IEEE Std 1547 “Standards for 
Interconnecting Distributed Resources with Electric Power 
Systems,” which largely covers interconnection standards. 
The unique oscillating operation of a directly connected elec-
tric machine also requires careful rating and consideration, 
and is not explicitly covered in current standards [26], [27].

Power quality issues—such as harmonics, flicker, and fault 
ride through—are much the same as any generator with a 
full-rated power electronics connection to the grid (e.g., some 
wind turbine designs) [13], [21]–[23], [28]–[31]. In fact, it is 
anticipated that many of the standards, issues, and concerns 

applicable to wind energy converters are the best starting place 
for ocean wave energy conversion technologies [25].

It is expected that geographical diversity and energy storage 
will play an important role for wave energy. It has been shown 
that geographic diversity (i.e., placing the individual WECs of 
an array such that they do not produce maximums or mini-
mums of power at the same time) has an important impact on 
short timescale variability of the power output [25], [32]–[34].

Last, like many nondispatchable, variable power sources, 
the variability of wave power on the seconds, minutes, or 
hours timescale raises concerns for grid stability and the 
ability to provide reserves. Studies have generally found that 
the integration of wave power is similar in impact to the 
integration of wind power [2], [34]–[38].

D. Autonomous Applications

The majority of the focus of this paper is on grid-connected 
technologies for bulk electricity generation, but there is a signifi-
cant market for autonomous, off-grid applications. For example, 
powering sensors and communication equipment on data buoys, 
or providing power for open ocean or island vessels and bases. 
In fact, one of the very first applications of ocean wave energy 
was for Japanese naval navigation buoys, configured as small 
oscillating water columns by the naval officer Yoshio Masuda, 
eventually reaching commercialization in 1965 [39]. Many cur-
rent WEC developers are looking into adapting their large-scale 
devices for these small autonomous applications as well.

E. Cost

Sixteen studies on wave energy cost conducted in the United 
States, Europe, and Australia are summarized in Fig. 12 [25].

The data are adapted from [25]. The median COE from 
the 16 studies is $0.24/kWh. This puts the current price of 
wave energy several times higher than grid competitive-
ness, which would typically be in the range of $0.05/kWh 
to $0.10/kWh. The capital cost of power capacity is shown 
in Fig. 13. Of the six studies, the median is $3.28/W. 
This is generally three to four times higher than the grid-
competitiveness benchmark of $1/W.

Fig. 11. Example direct-drive wave energy converter waveforms [13].

Fig. 12. The total median COE is $0.24/kWh. (Data adapted from [25].)
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Other studies based on surveys of ocean wave energy 
developers as well as published results from prototypes 
and early deployments suggest that the capital expenses for 
large-scale ocean deployments (i.e., 10–100 MW) converge 
to approximately $5/W [40].

The overall cost of energy depends on anticipated reduc-
tions in cost as the industry accumulates total installed 
capacity worldwide. Chozas [40] studied Levelized Cost of 
Energy as a function of penetration and found “The curves 
show that in the long term, after more than 10 GW of capac-
ity are deployed, wave energy could reach $100–$150/MWh, 
or even lower in the more optimistic estimates” [40].

III .   OCE A N THER M A L ENERGY 
CON V ER SION (OTEC)

Ocean thermal energy conversion (OTEC) is a marine 
renewable energy process that produces power by using 
the temperature differential between the water layers of 
the warm ocean surface and the deep cold ocean of about 
800–1000 m [41]. Solar energy is stored as heat within the 
ocean surface layer and mixed by wave motion to water 
depths of about 100 m. The deeper ocean consists of colder 
water, where the thermocline, or transition layer, between 
the warmer surface water and the cooler deep water is some-
times marked by an abrupt change in temperature, but more 
often the change is gradual [42]. Thus, the ocean offers a 
combustion free heat source and the heat sink required for 
a heat engine.

OTEC plants can be either land based (see Fig. 14) or 
floating infrastructures to enable economic access to the 
required warm and cold seawater resources. In OTEC tech-
nologies, warm surface seawater is used to cause flash evap-
oration of either the seawater itself or of a low boiling point 
working fluid such as ammonia, where the expanding vapor 
drives a turbine generator. Cold deep seawater pumped 
through a heat exchanger condenses the vapor back into 
a liquid and ensures the pressure differential to drive the 
turbine [43]. OTEC has the potential to be a favored base-
load renewable resource in that it is dispatchable and able 
to provide around-the-clock generation and balancing of 

variable renewables with capacity factors ranging from 90% 
to 95% [43].

In addition to generating electricity through OTEC tech-
nologies, the ocean thermal resource has other applications 
including the production of freshwater and the production 
of energy-intensive products such hydrogen, oxygen, and 
ammonia through electrolysis [42]. OTEC technologies also 
support industries such as marine aquaculture using the 
nutrient rich cold water brought to the surface, as well as 
chilled-soil agriculture (which allows for the cultivation of 
temperate-zone plants in tropical environments) and using 
the cold deep water as the chiller fluid in air conditioning 
systems [41]–[47]. Seawater air conditioning systems use 
cold seawater rather than a compressor-chilled working 
fluid as the heat sink for air conditioning heat exchangers 
and other refrigeration applications. Large data centers 
could also benefit from both the equipment cooling and 
power generation provided by OTEC [47]. A diagram of a 
land-based OTEC system is shown in Fig. 14, depicting the 
warm and cold seawater intakes and returns, power genera-
tion (1), as well as coproducts of refrigeration and seawater 
air conditioning (2), desalinated water (3), and agricultural 
irrigation (4). Power generation will be the focus of the 
remainder of this OTEC section.

The requirements for OTEC to be a renewable energy 
resource include continued warming of the ocean surface 
by the sun, and the availability of cold ocean water at depth. 
Cold deep seawater is produced through thermohaline circu-
lation of ocean waters driven by natural density gradients due 
to salinity, surface heat, and freshwater influxes in different 
parts of the ocean [42]. The global power resource that could 
be extracted with OTEC plants without affecting the thermo-
haline ocean circulation is estimated to be at least 5000 GW, 
e.g., 10 000 ​×​ 500 MW OTEC plants [48]. Put in perspective, 
this would be about twice the amount of power projected for 
worldwide electricity consumption by 2025 [42].

Fig. 13. Median cost of power is $3.28/W. (Data adapted from [25].)

Fig. 14. Diagram of a land-based OTEC plant. (Image courtesy of the 
Ocean Thermal Energy Corporation.)
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A. Resource Characteristics

The ocean thermal resource is defined by ​ΔT​, the tem-
perature differential between water depths of 20 and 
1000 m [42]. Worldwide, ​ΔT​ typically ranges from 10 °C to 
25 °C, with the higher values found in tropical waters closer 
to the equator [41]. For efficient power production, a ​ΔT​ 
of at least 20 °C within 1000 m below the ocean surface is 
preferred [44], [47]. At 1000-m water depths, temperatures 
are relatively constant at about 4 °C–5 °C [47]. Thus, with 
a relatively constant temperature of 4 °C at 1000 m, ​ΔT​ is 
driven by surface temperatures, where OTEC is particularly 
suitable for average surface temperatures around 25 °C [43].

Fig. 15 shows a map of the average OTEC thermal 
resource ​ΔT​ using World Ocean Atlas 2005 (WOA05) data 
[49]. Considering the important criteria of ​ΔT​ and feasible 
access to deep water, Fig. 15 sheds light on favorable OTEC 
sites. For example, the Hawaiian Archipelago is very well 
located from both a thermal resource perspective, and due 
to the fact that volcanic islands have a steep bathymetry (sea-
floor topography), enabling expedient access to deep water. 
Global estimates of the extractable net power from OTEC 
total 6300 GW [47], while as stated above, the power extrac-
tion estimate to prevent affecting the thermohaline circula-
tion is at least 5000 GW [48]. From [47], over 500 GW is 
available from within U.S. waters.

B. OTEC Technologies

While OTEC technologies have existed for decades, with 
the first electricity-producing OTEC plant built in 1930 in 
Cuba rated at 22 kW, commercial adoption has been slow 
[46], due to high capital costs and the lack of experience 
building OTEC plants at scale [43], [47]. Research is con-
tinuing on optimized plant designs and multiuse market 
applications including desalination of seawater, cooling of 
buildings, and use of cold water in aquaculture applications 
[46]. The two primary OTEC technologies are differentiated 
by the working fluids used. Open-cycle OTEC (OC-OTEC) 
technologies use seawater as the working fluid, whereas 
closed-cycle OTEC (CC-OTEC) commonly uses ammonia, 

with a low-temperature evaporation point, as the working 
fluid. Both OC- and CC-OTEC technologies can be either 
land based or floating infrastructures. Land-based systems 
are considered a niche market, needing 1000-m depth close 
to shore [42], and could face more stringent permitting 
challenges associated with the siting of the large seawater 
pipes. The primary candidate for commercial size plants 
appears to be the floating OTEC plant, positioned close to 
land, transmitting power to shore via a submarine power 
cable [42]. OC-OTEC systems offer the benefit of produc-
ing freshwater as a byproduct, while they also require larger 
turbine diameters [42]. The OTEC system efficiency, based 
on the thermal resource, is affected by several parameters 
including the power plant design and the matching with 
the seawater components, plant size, and the resource tem-
peratures. Theoretical maximum Carnot cycle efficiencies 
of heat engines depend on the temperature differentials, 
and for a 20 °C ​ΔT​ OTEC system, the maximum efficiency 
is 7% [50]. The overall efficiency, based on ​ΔT​, would be 
further reduced to about 3%–5% in practical OTEC installa-
tions due to inherent pumping loads and component losses 
within the system [51], [52]. While efficiency is an impor-
tant driver in utilizing resources, better assessments for 
renewable technologies include the levelized cost of energy 
(LCOE) and environmental impacts in comparison with 
other available resources.

C. Open-Cycle OTEC

For open-cycle OTEC (OC-OTEC) the working fluid 
is warm surface seawater which is injected into a vacuum 
chamber, where the pressure is reduced below the saturation 
value corresponding to its temperature causing flash evapo-
ration. The resulting low-pressure steam expands to drive a 
turbine generator. Fig. 16 depicts the steps of the OC-OTEC 
flow diagram [42]: (1) warm seawater injected into the vac-
uum chamber flash evaporator; (2) flash evaporation of the 
warm seawater in a vacuum chamber; (3) expansion of the 
desalinated water vapor through a steam turbine generator; 
(4) return of most of the warm seawater from the evapora-
tor to sea since only about 0.5% of the mass of the warm 
seawater entering the evaporator is converted into steam; 
(5) exit of desalinated low-pressure water vapor from the 
steam turbine; (6) condensation of the water vapor leaving 
the turbine (occurs by heat transfer to the cold seawater); 
(7) cold seawater return to sea, where since the evaporator 
produces desalinated steam, the condenser can be designed 
to produce desalinated water represented by (​​7​​ 1​​) in Fig. 16; 
and (8) compression of the noncondensable gases to pres-
sures required to discharge them from the system, e.g., gases 
that come out of the seawater solution under low operat-
ing pressure, such as oxygen, nitrogen, and carbon dioxide 
(essentially air). Note that the noncondensable gases are not 
released into the atmosphere but rather reinjected into the 
return water [42].

Fig. 15. Average ocean temperature differentials ​ΔT​ between 20- 
and 1000-m water depths, using WOA05 data with a color palette 
from 18 C to 26 C. (Image courtesy of [49].)
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In order to generate a practical amount of electrical 
power in an OC-OTEC system, a large turbine is required 
to accommodate the relatively large volumetric flow rates of 
the low-pressure steam. Although the last stages of turbines 
used in conventional steam power plants can be adapted, 
existing technology limits the power that can be generated 
by a single turbine module to about 2.5 MW [42].

The first OC-OTEC plant was a land-based system built 
in 1930 in Cuba rated at 22 kW [42], [46]. While the plant 
operated for several weeks, it was not able to achieve net 
power production because of poor site selection, i.e., the 
thermal resource ​ΔT​ was not sufficient, as well as a power 
plant/seawater components design mismatch [42]. The only 
other open-cycle demonstration was a land-based 210-kW 
OC-OTEC Experimental Apparatus built and operated at the 
Natural Energy Laboratory of Hawaii Authority (NELHA) 
[42]. The system operated for six years (1993–1998), and 
provided data and analyses for future modifications and 
improvements in the OC-OTEC process. The turbine gen-
erator was designed for an output of 210 kW for 26 °C 
warm surface water and a deep water temperature of 6 °C. 
A fraction (10%) of the steam produced was diverted to a 
surface condenser for the production of desalinated water. 
The highest production rates achieved were 255 kW (gross) 
with a corresponding net power of 103 kW (due to auxil-
iary power required for the pumps and losses) and 0.4 L/s of 
desalinated water [42]. It must be noted that the net power 
was not optimized because pumping losses were relatively 
high due to the use of a seawater system that was already 
available. It is expected that for a commercial size plant the 
ratio of net to gross power would be about 0.7 [53].

D. Closed-Cycle OTEC

In closed-cycle OTEC (CC-OTEC) warm surface sea-
water provides heat to a working fluid with a low boiling 
point temperature to vaporize the working fluid to drive a 
turbine generator. Fig. 17 shows a simple flow diagram for 
CC-OTEC systems with steps including: (1) working fluid 
from an evaporator, warmed by surface seawater to produce 
working fluid vapor to drive a turbine generator; (2) work-
ing fluid vapor is then condensed by the cold water from the 
deep ocean; (3) working fluid in liquid form is then pumped 

back to the initial evaporator; (4) evaporator process is con-
tinued; and (5) completion of closed system with produc-
tion of working fluid vapor. The commonly used working 
fluid is ammonia, although ammonia–water mixtures can 
also be used to vaporize and condense at the temperatures 
of the available seawater streams [42], [47].

Hybrid systems can combine both the open and closed 
cycles to maximize the use of the pumped seawater thermal 
resource available to produce both power and water [41]. 
For example, the steam generated by flash evaporation in 
OC-OTEC can then be used as the heat to drive a CC-OTEC 
process [54]. In addition, power can first be generated in a 
CC-OTEC system, and then the warm seawater can be flash 
evaporated in an OC-OTEC system, producing freshwater 
in the process [41], [43]. In addition, multiple-stage systems 
can use the warm and cold seawater more than once in mul-
tiple heat exchangers to increase power and freshwater pro-
duction [42], [47].

In [42], a 10-MW CC-OTEC pilot plant is proposed based 
on state-of-the-art manufacturing and practices to represent 
a complete scaled version of a floating commercial size 
OTEC plant of 50 MW or larger. Optimized plant flow rates 
of 27.7 m​​​​​ 3​​/s of 4.5 °C cold water pumped from a depth of 
1000 m, and 52.8 m​​​​​ 3​​/s of 26 °C warm water pumped from 
a depth of about 20 m, would yield a gross generator output 
power of 16 MW. The auxiliary power required for the pumps 
is 5.3 MW resulting in a net power output of 10.7 MW (~70% 
of the gross power output). To keep the pumping losses at 
~30% of the gross power output, an average speed of less 
than 2 m/s is designed for the seawater flowing through the 
pipes transporting the seawater resource to the OTEC power 
plant. The floating plants could be located a few kilometers 
from land, transmitting the power to shore via submarine 
power cables, and could also include OC-OTEC plants and 
transport desalinated water to shore via flexible pipes [42].

E. OTEC Generator Grid Interface

OTEC generators would provide baseload power, where 
the steam turbines drive synchronous generators that have 

Fig. 16. Open-cycle OTEC flow diagram. (Image courtesy of [1].)

Fig. 17. Closed-cycle OTEC process flow diagram. (Image courtesy 
of [41].)
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similar protection and grid interface as conventional thermal 
plants such as coal and natural gas. Generator grid interface 
is through stepup transformers, and again for floating plants, 
the power would be transmitted to shore via submarine 
power cables. Synchronizing equipment is employed to con-
trol the generator terminal voltages for grid voltage match-
ing through the stepup transformers, as well as to control the 
turbine speed for grid frequency and phase regulation [42]. 
During plant startups, the generator voltage, frequency and 
phase are synchronized to the grid, the circuit breaker is 
energized and the OTEC generators are interfaced to the grid.

F. Cost

The estimated capital costs for OTEC plants are strongly 
related to the plant size and range from $7900/kW for a 
plant size of 100 MW, to more than $22 000/kW for plants 
of 5 MW or less [55]. Considering the operations, mainte-
nance, repairs, and replacement (OMR&R) costs, and the 
fact that no fuel is purchased, Fig. 18 presents the levelized 
cost of energy (LCOE) analyses for first generation OTEC 
plants in cents per kilowatt hour as a function of plant size 
and loan terms [42]. At commercial scale, developers expect 
a rapid decrease in LCOE through experience and plant up-
scaling, leading to a LCOE of about 10–18 cents/kWh [46]. 
In addition, in many favorable sites in the tropics, potable 
water is a highly desired commodity that can be marketed to 
offset the price of OTEC-generated electricity [42].

I V.   TIDA L A ND OCE A N CU R R EN TS

Marine renewable energy can be harnessed from both tidal 
and nontidal ocean currents. Tidal current is the periodic 
ebb and flow of coastal tidal waters accompanying the rise 

and fall of the tides driven by the gravitational forces of the 
moon and sun, combined with the centrifugal force pro-
duced by the rotation of the Earth [56]. The gravitational 
force of the moon is 2.2 times larger than the gravitational 
force of the sun due to the moon being much closer to the 
Earth, which more than compensates for the higher mass 
of the sun [56]. Nontidal ocean currents include the more 
continuous currents in the general circulatory system of 
the oceans, which are intensified along western boundaries 
[57]. Many commonalities exist between the technologies 
designed to harness tidal currents and ocean currents, and 
thus they will be discussed together.

For tidal energy, there are two main approaches to energy 
conversion associated with the potential and kinetic energy 
components [56]. The first, more traditional approach, 
seeks to capture the potential energy created by the differ-
ence in sea level between high and low tides, i.e., the tidal 
range, using a tidal barrage, dam, or barrier to establish a 
head of water to power a turbine, similar to a hydroelectric 
dam [58]. More recent developments in tidal energy have 
focused on the kinetic energy of the tidal currents to drive 
turbines, similar to how wind turbines extract energy from 
the wind [59], [60]. Similar approaches are suitable for har-
nessing the kinetic energy in ocean currents. Many current 
turbine designs, also called tidal stream or marine current, 
resemble submerged wind turbines (see Fig. 19), though 
with a diversity of designs reminiscent of the early days of 
wind energy.

Most coastal sites experience high and low tides twice a 
day (semidiurnal tides), although some areas have just one 
high and low tide per day (diurnal tides) or a combination 
of diurnal and semidiurnal oscillations (mixed tides) [57]. 
Thus, tidal currents are variable in speed and reverse direc-
tion, however, they are uninfluenced by weather such that 
the variability is deterministic, not stochastic like wind or 
wave [59]. Despite the relatively low velocity of tidal cur-
rents, the higher density of water (832 times more dense 
than air) means that tidal turbines have the opportunity to 
extract more power for a given turbine rotor swept area than 
wind, and, thus, tidal turbines are generally smaller than 
wind for equivalent power capacities [61], [62]. While tides 

Fig. 18. Cost of electricity (capital cost amortization + OMR&R 
levelized cost) production for first-generation OTEC plants as a 
function of plant size with loan terms (interest and term) as a 
parameter, and annual inflation is assumed constant at 3%. (Image 
courtesy of [42].)

Fig. 19. Array of horizontal axis ANDRITZ HYDRO Hammerfest 
HS1000 tidal current turbines [66].
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can be accurately predicted years in advance, tidal genera-
tion is nondispatchable with typical capacity factors ranging 
from 10% to 40% [63]–[65].

Ocean currents are driven by wind patterns and the 
ocean thermohaline circulation caused by density gradients 
due to temperature and salinity differences [57]. Compared 
to tidal currents, ocean currents are unidirectional, and 
generally slower but more continuous than tidal currents, 
and while often located at deep ocean sites, they tend to be 
stronger near the surface [67]. Unlike tidal currents, ocean 
currents are influenced by atmospheric and ocean condi-
tions and can experience “meandering” on scales of tens of 
kilometers [67].

A. Resource Characteristics

The worldwide tidal energy resource is on the order of 
1000 GW and relatively localized [60]. Fig. 20 [68] illus-
trates the global amplitude of the main lunar tidal forc-
ing and the white lines are lines of constant tidal phase, 
called cotidal lines, differing by 1 h. Along the cotidal lines 
the high tide is reached simultaneously, extending from 
the coast out into the ocean and converging at amphidro-
mic points with minimal tide. The curved arcs around the 
amphidromic points show the direction of the tides, each 
indicating a synchronized 6-h period [68]. Fig. 20 indi-
cates the potential for both barrage/range systems and 
tidal stream technologies, as high tidal ranges are often a 
prerequisite for fast tidal currents. Currents are often fur-
ther magnified by topographical features, such as head-
lands, inlets and straits, or by the shape of the seabed when 
water is forced through narrow channels [69]. Generally, 
tidal streams must reach flow speeds of at least 1–2 m/s 
for tidal  current turbines to operate cost effectively [57], 
[70]. Tidal currents exceeding 4 m/s can pose a significant 
design challenge due to the imparted load, while sites with 
peak velocities lower than 1 m/s are often considered une-
conomical [71]. Major tidal streams have been identified 
along the coastlines of every continent, making it a global, 
though site specific, resource [57]. Total tidal barrage/range 

deployment in 2015 was about 518 MW, and about 7 MW 
for tidal current. Extensive plans exist for tidal barrage pro-
jects in India, Korea, the Philippines, and Russia adding up 
to about 115 GW. Deployment projections for tidal current 
up to 2020 are in the range of 200 MW [60].

In the United States, the tidal and ocean current theo-
retical power potential is estimated at about 50 GW from 
tidal streams [72] and about 5 GW from the Gulf Stream 
Florida Current [73]. The U.S. tidal current resource hot-
spots are defined as current speeds of at least 1 m/s, total 
surface area larger than 0.5 km2 and depths greater than 
5 m [74]. The majority of the U.S. tidal current resource is 
found in Alaska, followed by Maine, Washington, Oregon, 
California, Massachusetts, and New York [74]. Note that 
tidal current technologies are scalable and suitable for 
deployment in river environments, and in the United 
States, the feasible average resource is estimated at 14 GW 
from rivers [75].

B. Tidal Barrage, Tidal Current, and Ocean Current 
Technologies

Tidal and ocean current technologies can be categorized 
into three main types: tidal barrage/range, tidal current 
turbines, and ocean current turbines. Tidal barrage is con-
sidered a mature technology, however, implementation has 
been limited due to site availability, environmental effects, 
and high capital costs [57]. Tidal and ocean current tech-
nologies are still undergoing research and development and 
are at the precommercial demonstration stage [57].

C. Tidal Barrage

Tidal barrage, or tidal range, technologies harvest power 
from the potential energy of the height difference between 
high and low tides. A tidal barrage is typically a dam or other 
barrier built across a bay or estuary, creating a reservoir 
(basin) behind it, such that the flow of water is forced into 
a smaller area to create a tidal range in excess of 5 m [56]. 
Tidal barrages operate much like a hydroelectric dam in 
that the barrage produces a pressure head to drive turbines, 
though tidal currents flow in both directions with genera-
tors designed to respond to two directional water flows [56].

The world’s first large-scale tidal barrage/range power 
plant, the 240-MW La Rance Tidal Power Station, became 
operational in 1966 in Brittany, France and is still in opera-
tion today. The 254-MW Sihwa Lake Tidal Power Station in 
South Korea became the world’s largest (and newest) tidal 
barrage when it was opened in 2011. Only a few other much 
smaller sites have been developed around the world [76].

D. Tidal Current and Stream Technologies

It is anticipated that commercial tidal current/stream 
projects will operate in arrays of turbines as tidal farms, sim-
ilar to commercial utility scale wind farms [59], [77]. Many Fig. 20. Global distribution of semidiurnal tidal amplitude [68].
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of the tidal energy converter concepts at the forefront of the 
industry have adopted a horizontal axis turbine, with several 
design permutations within the horizontal axis design type 
[59]. An overview of tidal stream projects conducted in [60] 
revealed that about 76% are horizontal axis turbines, about 
12% are vertical axis turbines, with other designs making up 
the remaining 12%.

Horizontal axis turbines—an example of which is 
shown in Fig. 19—are the marine equivalent of wind tur-
bines where rotation of the turbine is due to the lift forces 
of the moving water on the turbine blades mounted on a 
horizontal axis [59], [78]. Thus, the turbines are similar to 
designs used for traditional wind turbines, however, due to 
the higher density of water relative to air, the blades are 
significantly smaller than equivalent power rated wind tur-
bines and, due to lower current velocities, turn more slowly 
[60], [78].

To date, several developers have deployed single unit 
tidal current demonstration devices [59]. The world’s 
first array of tidal power turbines to deliver power to the 
grid was deployed by Nova Innovation in the Bluemull 
Sound between the islands of Unst and Yell in the north 
of Shetland, where the North Sea meets the Atlantic. The 
second in a set of three Nova Innovation M100 100-kW 
turbines (see Fig. 21) was deployed in August 2016, lin-
ing up alongside the first turbine, which was installed in 
the Bluemull Sound in March 2016. The first commercial 
deployment of tidal turbines, the MeyGen project, consist-
ing of four devices, each rated at 1.4 MW, was scheduled 
for installation in the Pentland Firth in northern Scotland 
toward the end of 2016.

E. Ocean Currents

The approaches and principles behind tidal current 
technologies can be adapted to generate power from ocean 
currents [57]. Compared to tidal currents, ocean currents 
are unidirectional and generally slower but more continu-
ous. Ocean current technologies are in an early develop-
mental stage, and to date, no full-scale prototype has been 
tested or demonstrated [57]. Although there are technol-
ogy developers working on concepts in the United States, 

Japan, Italy, and Spain, they are much fewer in number than 
those developing tidal stream turbine concepts [57]. In the 
United States, the Southeast National Marine Renewable 
Energy Center (SNMREC) at Florida Atlantic University, 
seeks to advance ocean current technologies, specifically for 
the Gulf Stream Florida Current. Primary impediments to 
deployment of ocean current turbines include water depth 
(>300 m), which increases the complexity of mooring and 
electrical power export [57].

F. Power Electronics and Grid Interface

Due to the variable nature of tidal and ocean current 
resources, power electronic converters are employed to 
enable wide ranging speed control of the turbine generators 
to optimize power performance [78], [80], [81]. Tidal cur-
rents exhibit more variability than ocean currents, and are 
currently one of the most rapidly growing technologies for 
generating electric energy [82], and therefore tidal stream 
turbine grid interface will be the focus of this section.

A pure semidiurnal tidal cycle lasts 12 h and 25 min, 
where both ebb and flood occur once per cycle, and thus 
the tidal current varies and runs approximately six hours 
in one direction and then reverses for another six hours in 
the opposite direction. There are also periods of time when 
there is little or no horizontal flow of water, i.e., slack water, 
which occurs between the flood and ebb currents [56]. 
Fig. 22 presents an example of varying tidal current velocity, ​
v​ m/s, and the resulting variable power output ​​P​el​​​, for one 
month [62]. A maximum tidal current velocity ​​v​max​​​ of 
2.5 m/s is assumed, along with a nominal generator power 
rating of 1 MW at ​​v​max​​​ [62]. As seen from Fig. 22, maximum 
power is available every 14 days.

Fig. 21. Nova Innovation M100 tidal current turbine [79]. Fig. 22. Tidal current velocity and power output for one month [62].
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The stream power that a tidal turbine extracts is propor-
tional to the density of seawater and the cube of its speed, 
and can be expressed as follows:

	​ P  = ​  1 __ 2 ​ ρ ​C​p​​ A ​v​ tides​ 
3 ​​�  (2)

where ​ρ​ (kg/m​​​​​ 3​​) is the seawater density, ​​C​p​​​ is the power 
performance coefficient, ​A​ (m​​​​​ 2​​) is the cross-sectional area 
swept by the turbine blades, and ​​v​tides​​​ (m/s) is the tidal 
stream velocity. The density of sea water (​ρ  ≈​​ ​ 1025 kg/m​​​​​ 3​​), 
at 832 times that of the air, enables tidal currents of about 
1/9th the wind speed to carry comparable kinetic power den-
sity as wind [67]. The power performance coefficient (​​C​p​​​) 
represents the percentage of the stream power that the tur-
bine can extract, and is limited to ​~​ 59% by the well-known 
Betz law for sparse arrays. For tidal turbines, ​​C​p​​​ (a function 
of tip speed ratio and blade pitch angle) [83] is generally 
in the range of 30%–50%, depending on the degrees of free-
dom for control in time-varying currents [82], [84]. Overall, 
(2) illustrates that the extracted power depends primarily on 
the tidal velocities and the turbine sizes.

As with the wave energy industry, commercial tidal 
stream projects are developing to operate in arrays of tur-
bines, similar to utility scale wind farms [57], with subma-
rine power cables connecting the devices/arrays to the grid 
through power electronic converters and stepup transform-
ers. As such, tidal turbines can have a converter in each 
device, enabling every generator to operate at its optimum 
speed, or there can be a common converter for each array 
cluster, offshore or onshore [85]. In the case of one con-
verter per array/cluster, the speed and electrical frequency 
vary proportionally with the average tidal current speed in 
the array/cluster. With only one converter per array/cluster, 
the resulting mechanical loads on the tidal current turbine 
drive trains could be higher than those tidal turbine systems 
with individual converters [64], where individual turbine 
converters will be discussed in more detail below.

Two commonly proposed tidal stream turbine converter 
technologies are [81], [82], [86]: 1) a doubly-fed induc-
tion generator (DFIG) configuration [87], [88], as shown 
in Fig.  23 [80]; and 2) a direct-drive permanent magnet 

synchronous generator (PMSG) [86], as shown in Fig. 24 
[80]. Control approaches considered for tidal turbine con-
verters are similar to those for DFIG and direct-drive PMSG 
for offshore wind turbines. Some control approaches use 
the generator side converter controller to maintain the 
rotational speed of the generator at an optimal value, and 
minimize core losses, while using the grid side converter 
controller to maintain the voltage of the dc link and to con-
trol the output reactive power. Other control approaches 
use the generator side converter controller to control the 
output active power and reactive power, while using the 
grid side converter controller for controlling the dc link 
voltage and the terminal voltage of the turbine system 
[82], [86]. As shown in Figs. 23 and 24, pitch controllers 
adjust the tidal current turbine to achieve optimum speeds 
[80]–[82].

G. Cost

There are a number of technological aspects that deter-
mine the performance and costs of tidal and ocean current 
technologies including: 1) conversion technology; 2) sup-
port structures; 3) array formation; and 4) electrical con-
nections to shore [60].

The estimated capital costs for tidal barrage/range power 
generation is very site specific and is largely based on two 
large plants in operation, the La Rance barrage in France and 
the Sihwa dam in South Korea. Thus, the estimated capital 
costs range from $117/kW for the Sihwa, using an existing 
dam for the construction of the power generation technol-
ogy, to about $340/kW for the La Rance barrage which was 
built for the purposes of power generation [60]. Electricity 
production costs for the La Rance and Sihwa installations 
are 5 cents/kWh and 2.5 cents/kWh, respectively [60].

Tidal current technologies are still largely in the dem-
onstration stage, thus, capital cost estimates are projected 
to decrease as the level of deployment increases to large 
scale arrays as the industry enters a post-commercialization 
phase [46], [60]. Significant cost reduction is anticipated 
in the areas of installation, grid connection, and project Fig. 23. Schematic diagram of a DFIG-based generation system [80].

Fig. 24. Schematic diagram of a PMSG-based generation system [80].
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development. Fig. 25 gives capital cost ranges for differing 
stages of deployment [46]. The dotted lines in Fig. 25 rep-
resent the max/min cost values provided from stakeholder 
engagements. The solid lines with shaded areas represent 
the industry averaged cost with an uncertainty bound of 
±30%, with the exception of when the max or min from 
consultation falls below the ±30% uncertainty limit [46].

Fig. 26 gives levelized cost of energy (LCOE) ranges for 
differing stages of deployment, which are diverse within the 
first array deployment, and converge as progression is made 
toward commercial scale projects [46]. Again, the dotted 
lines in Fig. 26 represent the max/min costs provided from 
stakeholder engagements. The solid lines with shaded areas 
represent the industry-averaged cost with an uncertainty 
bound of ±30% [46]. Given the stage of development, these 
forecasts should be considered to have significant uncer-
tainty, which will decrease over time as larger arrays enter 
service and reliability becomes more established.

V.  GEOTHER M A L ENERGY SYSTEMS

Geothermal energy is an abundant, renewable (i.e., naturally 
replenished) resource consisting of the natural heat gener-
ated and stored in rock and fluids in the Earth’s crust that can 
be used for electricity generation and for heating and cooling 
purposes. The heat is the resource, where steam or liquids, 
such as water or brine, from as deep as 6 mi (10 km) beneath 
the Earth’s surface [89], serve as the medium that can be 
tapped to generate electricity through geothermal power 
plants operating steam turbine generators (see Fig.  27). 
Geothermal energy has significant advantages as a baseload 
renewable resource in that it is dispatchable and can pro-
vide around-the-clock generation and balancing of diurnal 
and weather-driven variable renewables such as solar and 
wind. Capacity factors of geothermal power plants can reach 
up to 95% [57]. In addition to electricity production, lower 
temperature geothermal at shallow depths, i.e., 10 °C–15 °C 
at 10 ft (3 m) below ground level, drives geothermal heat 
pumps (GHPs) for energy-efficient heating and cooling, 
and to provide hot water. GHPs use the relatively constant 
temperature of the Earth as a heat source in the winter and 
as a heat sink in summer. In the winter, GHPs use conven-
tional vapor compression (refrigerant-based) heat pumps 
to extract the heat from the relatively warmer Earth to pro-
vide building heat. In the summer, the process reverses and 
the GHP pulls the building’s warmer air into the relatively 
cooler ground, where the excess energy in these processes 
can be used to heat water [90]. The remainder of this geo-
thermal section will focus on power generation.

A naturally occurring geothermal system is defined by 
three key elements: heat, fluid, and permeability at depth. 
In order to access heat, fluid must come into contact with 
heated rock, either via natural fractures or through stimulat-
ing the rock [91]. High temperatures are continuously pro-
duced inside the Earth, primarily due to the slow decay of 
radioactive particles in the rock [1]. Geothermal resources 

Fig. 25. Capital cost ranges for differing stages of deployment. 
(Adapted from [46].)

Fig. 26. The LCOE ranges at differing stages of deployment. 
(Adapted from [46].)

Fig. 27. Natural steam from production wells power steam turbine 
generators. The steam is condensed by evaporation in the cooling 
tower and pumped down injection wells to sustain production. 
(Image courtesy of the Geothermal Energy Association.)
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can be classified as low temperature (less than 90 °C), mod-
erate temperature (90 °C–150 °C), and high temperature 
(greater than 150 °C). Surrounding the Earth’s core of solid 
iron, about 4000 mi (​~​6500 km) below the Earth’s surface, is 
an outer core of very hot magma (melted rock). Surrounding 
the outer core is the mantle, which is about 1800 mi thick 
and made of magma and rock. The outermost layer of the 
Earth is the crust, ranging from 3–35 mi (4.8–56  km) 
thick, about 3–5 mi thick under the oceans and 15–35 mi 
thick on the continents [1]. The crust is divided into pieces 
called plates which drift apart and push against each other 
in a process called plate tectonics. Magma comes close to 
the Earth’s surface near the edges of these plates, which is 
also the location of volcanic and seismic activity. Most high-
temperature geothermal resources (150 °C–370  °C) occur 
where magma has penetrated the upper crust of the Earth 
around these tectonic plate boundaries where the crust is 
highly fractured and thus permeable to fluids. The magma 
heats the surrounding rock, and when the rock is permeable 
enough to allow the circulation of water, the resulting hot 
water or steam is referred to as a hydrothermal resource for 
geothermal power plants [90].

Geothermal energy production has historically been con-
centrated in areas where the geological conditions permit 
naturally occurring steam or hot water reservoirs to transfer 
heat from within the Earth to the surface [92]. In contrast 
to conventional geothermal systems, enhanced geothermal 
systems (EGS), also known as engineered geothermal sys-
tems, target geothermal locations with insufficient natural 
permeability or fluid saturation, i.e., regions of hot dry and 
impermeable rock. EGS technologies enhance and/or create 
geothermal resources in what is called hot dry rock (HDR) 
through hydraulic stimulation. To develop an EGS, pressur-
ized fluid (typically water) is injected into the subsurface 
where the increased fluid pressure coupled with thermal 
stresses, due to the temperature difference between the hot 
rock and cooler water, create new fractures and open existing 
fractures in the rock fabric to enhance the permeability [93]. 
Thus, the EGS concept is to create large heat exchange areas 
in hot fractured rock to which water can be added through 
injection wells. The injected water absorbs heat and gener-
ates steam by contact with the rock and returns to the sur-
face through production wells to a geothermal power plant. 
Geothermal injection and production wells are constructed 
of pipes layered inside one another and cemented into the 
Earth and to each other, protecting shallow drinking water 
aquifers from mixing with deeper geothermal water/brine. 
It is estimated that 90% of the geothermal power resource 
in the United States exists through EGS [94].

A. Resource Characteristics

The global geothermal market is at about 13.3 GW of 
operating capacity as of 2016, spread across 24 countries, 
where the global geothermal industry is expected to reach 

approximately 18.4 GW by 2021. It is estimated that there is 
over 200 GW of conventional hydrothermal potential glob-
ally available based on current knowledge and technology 
[95]. Fig. 28 depicts global operating capacity by country.

Fig. 29 provides the current planned capacity additions 
under development. With these planned capacity additions, 
only about one sixth of the global potential has identifiable 
development plans [95].

The geothermal resource potential map in Fig. 30 shows 
the U.S. locations of identified hydrothermal sites and 
favorability of deep EGS.

B. Geothermal Power Plant Technologies

Three primary types of geothermal power plant designs 
make use of the various temperature ranges of geothermal 
resources: dry steam, flash steam, and binary cycle. Binary 
plants are used with lower temperature resources while 
flash and dry steam plants are used with higher tempera-
ture resources. Flash technologies, including double and 
triple flash, account for almost two-thirds of installed capac-
ity globally, while dry steam makes up about a quarter, and 
binary makes up about a sixth of global geothermal power 
generation [95]. The overall energy conversion efficiency, 
based on the total heat content (enthalpy) of the produced 
geothermal resource/fluid, is affected by many parameters 

Fig. 28. Geothermal power operating capacity by country [95].

Fig. 29. MW capacity under development by country [95].
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including the power plant design (dry steam, single, double 
or triple flash, binary, or hybrid system), size, the geother-
mal resource temperature as well as ambient surface tem-
peratures. The conversion efficiencies of geothermal power 
plants are generally lower than that of conventional thermal 
plants (such as coal and natural gas), and range from 11% 
to 22% for geothermal resource/fluid temperatures ranging 
from 150 °C to 350 °C, respectively [89].

C. Dry Steam

Dry steam power plants (Fig. 31) draw from under-
ground reservoirs producing mostly steam that is heated by 
the mantle and released through natural vents. Production 

wells are drilled down to the aquifer and the superheated, 
pressurized steam (180 °C–350 °C) is brought to the sur-
face through pipelines, filtered/purified (e.g., through a 
“rock-catcher” to protect the turbine) and passed/expanded 
through a steam turbine. The lower pressure steam is then 
cooled and condensed into water using water from a cooling 
tower. The steam turbine is directly coupled to the genera-
tor, and the condensate is pumped back to the cooling tower 
where it is cooled and then recirculated to the condenser 
located at the exit of the steam turbine. Excess conden-
sate, as well as external water pumped in to replenish the 
resource (e.g., from wastewater plants) is injected back into 
the reservoir through injection wells [95], [96].

D. Flash Steam

Flash geothermal power plants, depicted in Fig. 32, are 
the most common (about two-thirds of installed capacity), 
and use water-dominated geothermal reservoirs with tem-
peratures greater than 182 °C. The boiling point of a fluid 
increases as its pressure is increased, and thus superheated 
water in geothermal reservoirs is liquid water under pres-
sure at a temperature higher than the normal boiling point 
of 100 °C. When the pressure is reduced the water flashes 
to steam. Thus, as the superheated water is pumped from 
depth, the pressure decreases and some of the hot water 
boils, or “flashes” into steam in a separator, or flash tank. 
The separated and purified steam is piped to a steam turbine/
generator and the remaining hot water may be flashed again 
(twice, i.e., double flash plant) or three times (triple flash) 
at progressively lower pressures and temperatures, to obtain 
more steam [92]. The cooled brine and the condensate are 
typically sent back down into the reservoir through injection 
wells. Combined-cycle flash steam plants use the heat from 
the separated geothermal brine in lower temperature binary 
plants (discussed next) to produce additional power before 
reinjection [92].

Fig. 30. Geothermal resource potential map for the United States. 
ªHydrothermalº refers to naturally occurring geothermal resources 
used by conventional geothermal power plants, while ªDeep EGSº 
refers to geothermal heat resources that require technologies that 
are currently being developed and demonstrated. (Image courtesy 
of NREL.)

Fig. 31. Geothermal dry steam power plant, where the steam 
shoots up the wells and is passed through a rock catcher (not 
shown) and then directly into the turbine. (Image courtesy of the 
Geothermal Energy Association.)

Fig. 32. Flash steam power plants use hot water reservoirs. As 
the hot water is released from the pressure of the deep reservoir 
in a flash tank, some if it flashes to steam. (Image courtesy of the 
Geothermal Energy Association.)
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E. Binary Cycle

For geothermal temperatures less than 182 °C, binary 
cycle power plants (see Fig. 33) are employed where the hot 
water or brine emerging from depth through a borehole is 
directed through a heat exchanger to boil a working fluid, 
typically an organic compound with a lower boiling point 
than water (e.g., butane or pentane in the organic Rankine 
cycle and an ammonia–water mixture in the Kalina cycle) 
[92]. The working fluid vaporized in the heat exchanger is 
used to drive a steam turbine, where the water/brine from 
depth is then recycled back down the injection borehole to 
be reheated. The water and the working fluid are kept sepa-
rate during the entire process, so there are little or no air 
emissions, and the water/brine from the primary heat source 
never comes in contact with the turbine generator units.

F. Geothermal Generator Grid Interface

Geothermal energy systems provide baseload power, 
where the steam turbines drive synchronous generators that 
have similar protection and grid interface as conventional 
thermal plants such as coal and natural gas. The external 
generator excitation system provides variable dc to the 
field winding for controlling terminal voltages and reactive 
power, ensuring stable operation with the grid, improving 
transient stability after faults, and keeping the machinery 
within acceptable operating ranges [97]. The steam gov-
ernor system controls the position of the steam governing 
valve to regulate turbine speed, power, and frequency syn-
chronization to the grid. Generator grid interface is through 
stepup transformers. Synchronizing equipment is employed 
to control the generator terminal voltages for grid voltage 
matching through the stepup transformers, as well as to 
control the turbine speed for grid frequency and phase regu-
lation. When the generator voltage, frequency and phase are 

synchronized to the grid, the circuit breaker is energized 
and the geothermal generator is interfaced to the grid [97].

G. Cost

The capital costs for a geothermal plant range from 
$3000 to more than $6500/kW, and are highly dependent 
on the type and temperature of the hydrothermal resource, 
the conversion technology, and the necessary depth of the 
wells [98]. Geothermal plants harnessing high-temperature 
resources (flash and dry steam systems) tend to be less expen-
sive than those relying on low-temperature resources (binary 
systems). Considering the operating and maintenance costs, 
and the fact that no fuel is purchased, levelized cost analy-
ses reveal that geothermal plants can produce electricity for 
3–15 cents/kWh, depending on the resource characteristics 
and the project development finance structure [98]–[100].

V I.   CONCLUSION

This paper presents techno–economic summaries of ocean 
wave, tidal, marine current, ocean thermal, and geothermal 
energy, in addition to the aspects of grid interface. The total 
global average wave resource is estimated at approximately 
2000 GW [7], with approximately 300 GW in the United 
States [5]. The total global tidal resource is estimated at 
approximately 1000 GW, with 50 GW in the United States 
[60], [72]. The marine current resource estimate for the 
Florida Current in the southeast United States is estimated 
at 5 GW [73]. Ocean thermal has a global capacity estimate 
of 5000 GW [48]. Last, the global geothermal capacity esti-
mate is approximately 200 GW, but with much more pos-
sible through enhanced geothermal systems [95].

Cost information can be presented as both near-term 
early-industry projects and prototypes and projected large-
scale development future costs.

For near-term cost, it was found that wave energy con-
version has a median of $0.24/kWh for 16 studies [25] 
(long term projected to $0.10-$0.15/kWh). Tidal is found 
to be approximately $0.50/kWh and $0.20/kWh depend-
ing on stage of development [46] (long term projected to 
$0.025-$0.25/kWh, depending on type). Ocean thermal 
long-term cost is projected to $0.10–$0.18/kWh [46]. And 

Fig. 33. Binary power plant, where the heat from geothermal water 
is used to vaporize a working fluid in separate adjacent pipes. The 
vapor, like steam, powers the turbine generator. (Image courtesy of 
the Geothermal Energy Association.)

Table 1  Large-Scale Development Cost and TRL Estimates
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last, geothermal—being more closely aligned in technology 
with traditional coal, natural gas, and nuclear—is estimated 
at $0.03–$0.15/kWh [98]–[100].

A summary of the estimated long-term large-scale future 
cost of energy and capacity is given in Table 1. The table also 
includes an estimate of the Technology Readiness Level (as 
defined by the U.S. Department of Energy).

Costs for transmission and grid connection are not 
included in the estimates, but should be considered. On 
shore systems can work with standard ac power transmis-
sion and protection equipment. Offshore systems require 
transmission of the power to shore, which can be imple-
mented as ac or dc transmission (with dc to ac conversion at 
the shore point of connection to the bulk grid) [101]–[104]. 

The cost of high-power undersea transmission cables is 
approximately on the order of $3.3 million per mile ($2 mil-
lion per kilometer) [105].

Considering the raw potential of these resources, along 
with costs commensurate with early stage technologies, 
it is indicated that continued development may reveal 
these resources to be important components of a diverse 
energy mix.� 
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