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ABSTRACT
The demand for clean, renewable energy is continuing to increase around the world. Much of that demand is being met with wind and
solar power, but these resources are intermittent and therefore require balancing. Presently, developed geothermal resources are not
adequate to provide the balancing that will be needed in the future. Attention is turning to supercritical geothermal resources. Although
such resources on land are still limited, the most significant geothermal resources on earth are the supercritical reservoirs under the ocean
floor. To prevail in the struggle against global warming and climate change, we must proceed to develop these resources as quickly as
possible.
The early steps in finding and developing geothermal resources are difficult. We will need to adopt and adapt all the tools and learning
we have developed about geothermal exploration on land, in geology, geophysics and geochemistry. Further, we will need to apply tools
such as “play fairway analysis,” which was developed in oil and gas exploration, but should prove very helpful in finding the ocean rift
zones which contain so much (but not all) of the supercritical geothermal resources in the ocean floor. We will also need to apply the
lessons that oceanographers have learned about the ocean rift zones and other supercritical features on the ocean floor. Such tools will be
essential to find and develop the ocean geothermal energy that will provide much of the additional renewable power, and much of the
balancing needed for wind and solar power to grow even faster. By combining these renewable resources we will increase our ability to
stop, and eventually reverse, climate change.
1. INTRODUCTION
The United Nations’ Intergovernmental Panel on Climate Change (“IPCC”) recently approved the Special Report on Global Warming of
1.5°C (the “Special Report”). The Special Report found that limiting global warming to 1.5°C will require “unprecedented actions” and
“rapid and far-reaching” transitions in land, energy, industry, buildings, transport and cities and that emissions of carbon dioxide caused
by humans would need to decrease by 45% by 2030. The Special Report also found that limiting global warming to 1.5°C would require
deep reductions in the use of natural gas (as a result of a recent change in the understanding of the GHG effect of methane, which has a
Global Warming Potential that is 86 times as high as the GWP of CO2; note that such reductions can be achieved by replacing the use of
natural gas for energy purposes by the use of hydrogen from electrolysis, as described below). Thereafter, the United States government
released its Fourth National Climate Assessment (NCA4), completed in November 2018, co-written by hundreds of scientists and finding
that climate change is already causing increasing damage in the United States. Most nations are still committed to attacking climate
change, but many of them are not meeting their pledges under the Paris Agreement of 2015, and emissions are still rising rather than
falling. The current administration in the United States has been curtailing environmental regulations, and it plans to quit the Paris
Agreement in 2020.
The need for large increments of new electric generating capacity to replace fossil fuels will increase as the world replaces petroleum with
either electricity or hydrogen to fuel transportation. Such replacement transportation energy, by consuming off-peak electricity, will make
base-load electricity even more important in the future. A solution to the global need for baseload renewable power can be achieved
through the following four inter-related fields of innovations which adapt and develop existing technologies to utilize supercritical
properties of geothermal resources in the deep-sea floor:
1.

Supercritical generation of baseload electricity that is flexibly curtailable;

2.

Supercritical water electrolysis for hydrogen;

3.

Desalination; and

4.

Extraction of minerals from the geothermal resource.

Geothermal energy is the only form of clean, renewable energy that can provide enough baseload electricity to replace coal, petroleum,
natural gas and nuclear power as the primary sources of electricity and transportation power. The use of geothermal energy is currently
limited in scope and location to a relatively few areas on land that provide limited resources. Access to vast amounts of geothermal energy
can, however, be gained through the ocean floors, under which abundant geothermal resources can be found in a supercritical state.
Supercritical geothermal resources will enable the generation of electricity on an efficient, economical and highly reliable basis through
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the first innovation, the use of remote-controlled turbine generators on the ocean floor that will supply both the grid's demand for electricity
and, by operating during off-peak hours, the power needed to replace existing transportation fuels. These stations will incorporate a further
innovation, the use of turbines powered by supercritical CO2 as the working fluid, which is still in the research and development stage for
nuclear power plants and has not previously been considered for geothermal plants. These advancements in geothermal technology, to
develop a very high-temperature and therefore very efficient form of geothermal generation, will make geothermal energy (already highly
reliable, with availability factors over 90%, and very friendly to the environment, with no negative effect on the land surface or the
atmosphere) more affordable, by reducing the levelized cost of geothermal power generation.
The innovations described in this paper will be further supported by ongoing developments in oceanography and geophysics. The
development of geothermal resources is often challenged by expenses and difficulties of exploration and similar expenses and difficulties
can be anticipated in the pursuit of new resources in the ocean floor. New opportunities, however, will also arise in this new context. For
example, the plumes created by geothermal vents in the ocean can be detected across thousands of kilometers of ocean in exploring for
active vent fields (Searle, 2013). The belief that plate tectonics is driven primarily by slab-pull forces has been the predominant view of
experts for the past forty years. It is, however, now being replaced by the perception that half of the forces driving plate tectonics arise
from the deep mantle. The earlier perception was the result of early estimates that the heat flux in the core-mantle boundary was no more
than 4 TW. More recent estimates of the heat flux at the core-mantle boundary range from 14 to 20 TW, indicate that there may be much
greater geothermal resources under the ocean crust than previously anticipated (Rowley et al., 2016). More recently, researchers have
developed an analytical approach to using data from the Amphibious Array deployment of the Cascadia Initiative to show unusually high
attenuation of teleseismic P and S waves and at the same time measuring P and S wave differential travel times across the array. This
approach enables the gathering of significant information. For example, it shows dynamic upwelling under the Juan de Fuca Ridge from
a depth of 200 kilometers below the crust (Eilon and Abers, 2017). Such information could be a useful tool in determining where and
how to drill geothermal wells.
Geothermal generation, being both bountiful and more efficient, will form the foundation for a further innovation, the direct use of
supercritical geothermal resources to provide hydrogen by electrolysis. This advance will enable the restructuring of the transportation
and electrical energy industries so that the provision of inventories of transportation energy (in accordance with current industry practice)
serves as a buffer for the load following demands of the grid for electricity. In addition, the ocean geothermal system can be operated in
coordination with other energy sources such as wind and solar power, or on a stand-alone basis, to transform the energy generation and
delivery industries. Unlike electricity, which is generally transported via transmission lines, hydrogen (like oil and natural gas) can be
transported around the world by tanker, or shorter distances by rail cars or trucks as well as by transmission pipelines, enabling hydrogen
to replace oil, natural gas and coal.
The geothermal energy under the ocean floor, a vast, high-temperature resource which has never before been accessed to generate
electricity, could provide enough baseload energy to reverse climate change. This paper contemplates a self-contained, submersible,
remote-controlled electric generating station that will sit on the ocean floor at depths of 2,000 meters or more, where it can access
geothermal resources at supercritical temperatures and pressures and use a highly efficient super-critical CO2 turbine to convert the energy
to electricity. This approach will access more extensive geothermal resources than the conventional geothermal resources currently used.
Supercritical geothermal fluids can provide six times as much power per liter as geothermal fluids used in current geothermal systems. In
addition, supercritical turbines are more efficient than steam turbines, and resource temperatures of 500C will enable the use of
supercritical CO2 turbines, which are much smaller (which is particularly beneficial under the pressures at the ocean floor) and even more
efficient. Supercritical CO2 in a closed-loop recompression Brayton cycle could have a plant efficiency of 50% (Shnell, J., et al., 2018).
This system combines the off-peak baseload electricity of this system with the direct use of the supercritical geothermal resource in a new
style of cogeneration to produce low-cost hydrogen. Hydrogen will be the basis for a unified energy industry that balances the demands
of the grid for electricity by the storage of energy that is inherent in the transportation industry.
2. CURRENT STATE OF THE ART
The current state of the art in geothermal production of electricity uses the heat in geothermal reservoirs of hot water or steam found under
the land. However, the accessible geothermal resource base that is useable in existing geothermal technology is not sufficient to solve the
current major issues in the electric generating industry such as climate change, pollution, and the costs and risks inherent in the reliance
on fossil fuels or in the disposal of nuclear wastes. Satisfying the increasing demand for electricity while enabling the retirement of less
desirable modes of generating electricity, such as the burning of coal, will require much more geothermal energy than is available using
existing geothermal technology. Fortunately, the amount of geothermal heat available is far greater than the geothermal resource base
that is accessible using current methods. Tester et al. (2006, hereinafter, the "MIT Study") has estimated that 100 million quads of usable
geothermal energy could be harvested per year, many orders of magnitude greater than total global primary energy consumption of 472
quads in 2006 (Bullis, 2006.). The innovation proposed here relies on these vast geothermal resources to operate efficiently and effectively.
One way to provide more geothermal power currently is to drill deeper into the Earth’s crust for heat, because geothermal temperatures
increase with depth. Increased depth of drilling, however, increases the difficulty of drilling and the cost per meter of drilling. The
difficulty and cost have prevented the use of deeper wells to provide more energy. The land areas where geothermal heat rises close
enough to the surface to be economically accessible are limited, and few of those resources reach a temperature of 250°C. An instructive
exception to the temperature limitation of 250°C is Iceland, which has very productive geothermal resources because it is located on the
mid-ocean rift zone of the Atlantic Ocean. As a result, Iceland has comparatively easy access to large, very high-quality geothermal
resources. A consortium of energy companies and the national government of Iceland is seeking to use these exceptional resources by
drilling to a depth of approximately 5,000 meters in order to tap supercritical geothermal resources. It is estimated that beneath three of
the developed geothermal fields in Iceland, temperatures should exceed 550°C to 650°C, and the occurrence of frequent seismic activity
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below 5 km, indicates that the rocks are brittle and therefore likely to be permeable (Fridleifsson, et al., 2007.) The engineers working on
this Iceland Deep Drilling Project (“IDDP”) have calculated that supercritical geothermal fluids could provide up to ten times as much
power, per unit of volume, as the geothermal fluids used in the conventional technology. “A conventional well that produces dry steam
only, at a wellhead pressure of 25 bara and a downhole pressure of 30 bara can yield approximately 5 MW of electric power if the volumetric
rate of inflow to the well is 0.67 m3s-1. An IDDP well tapping a supercritical reservoir with temperatures of 430 – 550 C and pressures
of 230 - 260 bar may be expected to yield 50 MW of electric power given the same volumetric inflow rate, 0.67 m 3s-1. An IDDP well
may thus afford a tenfold improvement in power output over a typical conventional well” (Albertsson, et al., 2003.). The MIT Study
indicated that a liter of supercritical water at a temperature of 400C and a pressure of 250 bars has more than five times the power
producing potential of a hydrothermal liquid at 225C (Tester et al., 2006). Such supercritical fluids have not only higher enthalpy than
conventional geothermal reservoir fluids, they also exhibit extremely high rates of mass transport due to their enhanced ratio of buoyancy
force to viscous force (Friðleifsson and Elders, 2017). In 2017, the Iceland Deep Drilling Project reached a vertical depth of over 4,500
meters and a temperature of 426°C with IDDP-2, thus confirming supercritical conditions in the Reykjanes field, which is recharged by
seawater (Elders, et al., 2018).
3. THE SOLUTION
The geothermal resources accessible in Iceland are very unusual, however, because it is situated in a mid-oceanic rift zone. Very few
areas on land lie in a rift zone (although areas that are so located, such as the Salton Trough of California, which is the northern extension
of te Gulf of California rift system, often present significant geothermal resources). In other areas on land, it is necessary to drill much
deeper to access such temperatures. The difficulty and cost of drilling through a large amount of rock can be avoided by drilling offshore.
According to the USGS, the Earth’s crust in continental landmasses averages approximately 30,000 meters in thickness, and can be as
thick as 100,000 meters, but the thickness of the Earth’s crust under the oceans averages about 6,000 meters and is less in some areas.
The most promising area on the ocean floor is the oceanic rift zone, which wraps around the world "like the seams on a baseball", as
described in a recent National Geographic production, "Drain the Ocean" (Nicholls and Coules, 2009). The hydrothermal vents in the
ocean floor carry approximately twenty-five percent of the global crustal heat flux and, to do so, about 5 x 10 14 kilograms of seawater
pass through hydrothermal systems in the midocean rift zones every year (Searle, 2013). The geothermal resources under the ocean floor
are vast enough to supply all future energy requirements. The question is how to access those resources.
One innovation is a self-contained, submersible, remote-controlled electric generating station that will sit on the ocean floor. (This step
would reduce the amount of drilling by 2,000 to 2,500 meters per well, which is the usual range of depth of the mid-ocean ridge, thus
decreasing the cost and risk of drilling.) The proposed approach would drill wells in the ocean floor to depths of 2,000 meters or more to
access geothermal resources at supercritical temperatures and pressures. The station will use a supercritical turbine coupled to a generator
for converting geothermal energy to electricity (Shnell, 2009). These improvements will enable geothermal energy to compete with fossilfueled power plants on a cost basis. This approach will also access much more extensive geothermal resources than the currently used
land-based geothermal resources.
The objective is to discover and develop areas under the rift zone having temperatures of 500C or more and to drill into reservoirs of
geothermal fluid at such temperatures. Offshore drilling to the depths contemplated by this approach is currently practiced in the oil and
gas industry. The largest oil field in the Gulf of Mexico is approximately 250 kilometers from shore. Recently, oil companies have drilled
wells as deep as 8,000 meters beneath the ocean floor in water as deep as 2,800 meters. Drilling for geothermal resources will, however,
be conducted in basalt, rather than sedimentary rock, a harder formation that is more difficult to drill. Nevertheless, geothermal wells in
Iceland are drilled in basalt; wells 2,000 meters deep are estimated to cost about $5,000,000 per well (Fridleifsson, 2013).
A significant advantage to drilling offshore is the shallower drilling depth at which supercritical geothermal resources can be accessed.
Another major advantage is that the reservoirs are more sustainable, because the heat flow through the ocean floor is much higher, as
shown in the Geothermal Map of North America (Blackwell and Richards, 2004). Also, there is a virtually unlimited supply of saline
water with which to create or enlarge geothermal reservoirs, if Enhanced Geothermal Systems (EGS) are necessary, or to recharge existing
reservoirs.
4. DC TRANSMISSION
Direct current is significantly more efficient than alternating current for the underwater transmission of electricity, so the subsea generating
stations will be built to generate direct current, which will be transmitted to the continental coastlines by high-voltage direct current
(“HVDC”) transmission lines, similar to the transmission line from Norway under the North Sea to the Netherlands. In the United States,
the Pacific DC Intertie ("Path 65") transmits up to 3.1 GW DC at 500 kV from the Oregon-Washington border to Los Angeles, a distance
of approximately 1,410 kilometers (Eriksson, 2005). Siemens and ABB are currently developing transmission technology for ultra-high
voltage direct current lines, which will transmit up to 10 gigawatts of power efficiently over distances of 3,000 kilometers or more
(Callavik et al., 2014).
The potential effect of the proposed system is particularly great because the comparatively uniform characteristics and consistency of the
crust over large areas of the ocean rift zone, which is largely composed of basalt and related rock, and the thinness of the crust in the rift
zone should enable the placement of many geothermal generation stations in close proximity. Thus, many such stations can be built close
together and connected by short HVDC lines. Such clusters would decrease the risk and expense of exploration for geothermal resources
because information gathered in the drilling of wells for one plant could be used in drilling the wells for its neighbors. In addition, the
similarities of the conditions from one station to the others in the cluster would enable economies of scale, thus saving costs and speeding
up the manufacturing and placement of the stations.
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5. INNOVATIONS
As discussed in the Introduction to this paper, the innovations described in this paper will be further supported by ongoing developments
in oceanography and geophysics. The development of geothermal resources is often challenged by expenses and difficulties of exploration
and similar expenses and difficulties can be anticipated in the pursuit of new resources in the ocean floor. New opportunities, however,
will also arise in this new context. For example, the plumes created by geothermal vents in the ocean can be detected across thousands of
kilometers of ocean in exploring for active vent fields (Searle, 2013). The belief that plate tectonics is driven primarily by slab-pull forces
has been the predominant view of experts for the past forty years. It is, however, now being replaced by the perception that half of the
forces driving plate tectonics arise from the deep mantle. The earlier perception was the result of early estimates that the heat flux in the
core-mantle boundary was no more than 4 TW. More recent estimates of the heat flux at the core-mantle boundary range from 14 to 20
TW, indicate that there may be much greater geothermal resources under the ocean crust than previously anticipated. This study supports
the idea of an ongoing source of magma and hot rock along the mid-ocean ridges, and analyzes the spreading data to argue for upwelling
in the rift zones. (Rowley et al., 2016). More recently, researchers have developed an analytical approach to using data from the
Amphibious Array deployment of the Cascadia Initiative to show unusually high attenuation of teleseismic P and S waves and at the same
time measuring P- and S-wave differential travel times across the array. This approach enables the gathering of significant information.
For example, it shows dynamic upwelling under the Juan de Fuca Ridge from a depth of 200 kilometers below the crust (Eilon and Abers,
2017). It, too, supports the idea of an ongoing source of magma and hot rock along the mid-ocean ridges. Such information could be a
useful tool in planning and developing geothermal wells.
5.1 Supercritical Generation of Electricity
To use the geothermal energy under the ocean floor, a new approach will be needed to generate electricity. Too much energy would be
lost by bringing the resource to the surface of the ocean through a pipe surrounded and cooled, for two thousand meters or more of its
length, by ocean water. This proposed innovation uses a self-contained, submersible, remote-controlled geothermal-powered electric
generating station that incorporates a supercritical CO2 turbine coupled to a generator to convert geothermal energy to electricity. The
generating station would be coupled to the geothermal production and injection wells. The station uses the production from multiple
production wells located on the same drilling location, but accessing different areas of the same reservoir using directional drilling. The
station is also connected to a remote control cable that enables control of the station from a facility on land, and to an undersea transmission
cable that delivers the electricity to the electrical grid on land. The station would be detachable from the wellheads and the cables by
remote control, so that the station could be retrieved by a tug, raised to the surface and towed to shore every three to five years for
maintenance and overhaul. The stations will, as far as practical, be constructed in a standardized model, so that an equivalent station can
promptly replace a station that is retrieved.
Supercritical geothermal resources will enable the generation of electricity on an efficient, economical and highly reliable basis through
the use of turbine generators that will supply both the grid's demand for electricity and, by operating during off-peak hours, the power
needed to replace existing transportation fuels. These stations will incorporate a further innovation, the use of turbines powered by
supercritical CO2 (sCO2) as the working fluid, which is still in the development stage for nuclear power plants and has not previously
been considered for geothermal plants. These advancements in geothermal technology will develop a very high-temperature and therefore
very efficient form of geothermal generation. Supercritical CO2 in a closed-loop recompression Brayton cycle can achieve a plant
efficiency of 50%. This advance will make geothermal energy (already highly reliable, with availability factors over 90%, and very
friendly to the environment, with negligible impacts on the land surface or the atmosphere) more affordable, by reducing the levelized
cost of geothermal power.
5.2 Supercritical Water Electrolysis for Hydrogen
Supercritical ocean floor geothermal resources will, by operating during off-peak hours, supply the power needed to replace existing
transportation fuels, whether by charging the batteries of electric cars or by providing hydrogen through the second innovation,
electrolysis, which can be performed advantageously on the ocean floor by making direct use of the supercritical geothermal resources
together with the excess off-peak electricity from the baseload geothermal generation. The nuclear industry has promoted the development
of solid oxide electrolysis cells for high-temperature electrolysis, but they require temperatures of 800°-900°C to achieve maximum
efficiency, and recent tests have observed long-term performance degradation rates of 3.2% to 4.6% per thousand hours of operation,
which is too high to be acceptable (O'Brien, 2010; Zhang et al., 2012). It was noted, however, even before the development of solid oxide
electrolysis cells, that supercritical water has properties that render electrolysis of supercritical water significantly more efficient than
electrolysis of water at standard temperature and pressure (Franck, 1970; Flarsheim et al., 1986). Remote control electrolysis stations on
the ocean floor will make direct use of supercritical geothermal resources to heat desalinated ocean water to critical temperature. Such
electrolysis requires less than half the extremely high temperatures required by solid oxide electrolysis cells. This new approach will add
the direct use of supercritical ocean geothermal resources for high-temperature, high-pressure electrolysis to the use of supercritical
geothermal resources to generate direct current electricity (which is more efficient than alternating current for electrolysis) in a form of
supercritical geothermal cogeneration (“SGC”). The generation of sufficient baseload energy to provide electricity for charging plug-in
electric vehicles and/or generating hydrogen by electrolysis enables the replacement of fossil fuels as transportation fuels. This change
will create a unified energy industry in which geothermal energy (which, with an availability factor of over 95%, will provide inventories
of transportation energy (as petroleum does in current industry practice) and becomes the buffer for the variable but immediate demand
for electricity, solving the load control and balance issues that arise from heavy reliance on solar and wind energy, without requiring the
construction of massive amounts of bulk electricity storage that will otherwise be required.
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SGC makes dual use of geothermal
resources at temperatures above the critical
temperature of water to power both
electricity generation and electrolysis. The
feedstock for the electrolysis can be water
that is purified using excess low-grade
geothermal heat (which would otherwise
require “heat sinks” to dispose of it) and
pressurized above 221 bar before being
heated above 374°C in a heat exchanger
using the supercritical resource. Electricity
from geothermal power using current
technologies, recently estimated by the
Energy Information Agency to cost $50 per
MWh, is cost competitive with other forms
of generation. (U.S. Energy Information
Administration, 2015) SGC will use
geothermal resources at supercritical
temperatures and pressures, more efficient
than the current technology, so the cost of
electricity from the proposed approach is
projected to be 20% lower. This approach
will use stranded energy resources such as
Salton Sea and ocean rift zone geothermal,
with potential to cogenerate with solar and
offshore wind resources, and reduce the
use of coal, petroleum, natural gas and
nuclear energy while providing hydrogen
(without producing greenhouse gas or
other pollution) as a flexible, balancing
fuel for microgrids and other backup
power. It will enable utility-scale
production of hydrogen for grid resiliency,
energy storage and energy security around
the world.
The efficiency of standard electrolysis is
decreased by activation, ohmic, and
concentration overpotential, which is
alleviated by changes in the properties of
water as it goes from a liquid to a
supercritical state. (Franck, E. U., 1970;
McDonald, A. C., et al., 1986)
5.3 Desalination
So far, renewable energy has played only a minor part in desalination (NRC 2008). The earth is a huge reservoir of geothermal energy,
that when accessible can be used in many applications. When collocated with saline or brackish water sources, geothermal energy can
enable new and/or alternative desalination technologies such as multistage flash distillation, multi-effect distillation, and forward osmosis
(FO) (Chung et al., 2012; Zhao et al., 2012). Prior work has utilized lower temperature geothermal fluids as the thermal energy source for
multi-effect distillation, and multistage flash distillation (Goosen, 2010), as well as other distillation systems (Bourouni and Chaibi, 2005).
The amount of treated water recovered from saline waters using these technologies was low relative to reverse osmosis (RO). The
thermally driven FO technologies described in this proposal have the potential to recover more water while using less electricity than is
accomplished with RO.
The use of geothermal energy to desalt saline water depends on its competitiveness with other sources of energy. SGC will be competitive
by using an innovative, energy-efficient FO desalination technique that will be powered using geothermal heat that, having initially been
supercritical, has expended some of that thermal energy in SGC but still retains a comparatively high temperature. This innovation will
add economic value to the geothermal facility by producing potable water. (Shnell. J., et al., 2018).
Forward osmosis (FO) is a membrane-based separation process that uses the osmotic pressure gradient between a concentrated draw
solution and a feed stream to drive water flux across a semi-permeable membrane (i.e., passively with the gradient, as opposed to RO
which requires energy to pump against the gradient; Cath et al., 2006; Shaffer et al., 2015). The primary requirement for draw solutions
is to find a mixture with enough osmotic potential to power the trans-membrane transfer. Other challenges include selecting a draw solute
that may be easily and economically removed and re-generated. While FO has achieved some market success, substantial R&D work
remains in order for this method to compete with RO and traditional thermal desalination techniques.
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5.4 Extraction of Minerals
One of the most intriguing features of Mid-Ocean Ridges (MORs) and arc/back-arc basins is the occurrence of hydrothermal vents known
as “black smokers” and their associated deposits of ore minerals and unusual biologic communities. Studies have shown that these
hydrothermal vents are often composed of and flanked by assemblages of sulfide, sulfate, carbonate and other minerals compositions
(Rona et al., 1986; Pederson, 2010). Sulfides of iron, copper, manganese, zinc and lead are most common. These metal sulfides precipitate
from reduced, low pH (1-5) hydrothermal vent fluids with discharge temperatures sometimes exceeding 350°C. These metal-rich fluids
are produced by the reaction of seawater infiltrating seafloor rock assemblages and mixing with magmatic fluids. (Figure 2) These
reactions deplete the seawater with respect to magnesium and sulfate through formation of smectites, chlorites and anhydrite. This results
in decreasing fluid pH and enrichment in sulfide and metals (e.g., Fe, Cu, Mn, Pb, Zn). The magmatic fluids that fuel the hydrothermal
system also contribute CO2, CH4, H2 and He to the vent fluids (Tivey, 2007).

Figure 2. A generic mid-ocean ridge vent system, detailing the water/rock reactions of seawater with seafloor basalt and magmatic gas
to produce metal-rich 350°C vent fluids (from Tivey, 2007).
The conditions described above, with the exception of low pH, are similar to fluid chemistry and production conditions at the Salton Sea
Geothermal Field (SSGF). The SSGF occurs in a continental rift environment, and local geographic conditions have allowed a saline lake
basin to persist for millions of years, with high salinity lake water infiltrating the underlying high temperature rift environment. This has
resulted in extensive water/rock reaction, amphibolite facies metamorphism of the rift basin sediments and liberation of metals to the
geothermal brine (Osborn, 1989). The result is a high-temperature (389°C at 2 km depth), hypersaline (25 wt.% TDS) geothermal fluid
rich in dissolved metals (Hulen et al., 2002; Gallup et al., 1995; Table 1).
Table 1. Comparison of Mid-Ocean Ridge and Back-Arc hydrothermal fluids maximum concentrations (mg/kg) to fluids produced at the
Salton Sea Geothermal Field. MOR and Back-arc compositions from Tivey (2007) and SSGF compositions from Gallup (1995).
Environment

Temperature
(°C)

pH

Cl

Fe

Mn

Zn

Cu

MOR

≤405

2.8-4.5

44,138

1,004

181

51

10

Back-Arc

278-334

<0.1 - 5

28,007

140

390

196

2

SSGF

389

5.5

128,400

700

760

280

4

Discharges from seafloor hydrothermal vents often occur at pressure and temperature conditions approaching or exceeding supercritical
conditions, and at ocean depths of 1500-3500 meters (Tivey, 2007). Thus, although the depth to the seafloor can be quite deep, the drilling
depth of about 1500 meters to supercritical conditions is relatively shallow. This decreases drilling cost and risk. The hydrothermal fluids
often exhibit low pH, which would be corrosive to typical carbon steel well casing. Therefore, wells would need to be completed with
6
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more robust nickel- or titanium-alloys. These drilling depths and materials of construction are also similar to conditions at the SSGF,
where production wells are drilled to depths of about 2 km and are completed with titanium alloy casings (Roger, 2003) to mitigate the
corrosive effects of hypersaline brine at high temperature; downstream piping, pumps and vessels also rely on nickel alloys and duplex
stainless steel materials of construction.
Although the high salinity and acidic conditions of seafloor hydrothermal systems would similarly require alloy materials of construction,
the acidic brine composition would be beneficial with respect to silica chemistry; low pH delays precipitation of amorphous silica and
metal silicates from solutions supersaturated with respect to dissolved silica, extending the time available for brine processing to remove
heat and dissolved metals before silica deposition on process materials occurs (Gallup, 1996).
The proposed facility will extract metals and other valuable compounds from geothermal brine, creating an additional source of revenue.
For example, assume a supercritical production well producing 50 MW of electrical power at a flow rate of 0.67 kg/s, and that the
geothermal resource contains the mineral concentrations shown in Table 1. If 90% of the manganese is extracted as electrolytic manganese
dioxide (EMD), and the market value of EMD is US$2000 per metric ton, the value of extracted manganese would be US$8.2-$17.7
million annually. In comparison, if the 50 MW output of the well produces revenue at US$100/MW, and operates 90% of the time, the
annual value is US$39.4 million. Thus, the extraction of only manganese increases annual revenue by 15-27%. Concurrent extraction of
other metals would contribute to this benefit.
Extensive research has been conducted regarding mineral recovery from land-based geothermal fluids, and numerous attempts have been
made to commercialize an extraction process (Christopher et al., 1975; Harrar and Reber, 1983; Clutter, 2000; Harrison, 2014; Ventura,
2016). At the Salton Sea, metals extraction has primarily focused on silica, zinc, manganese and lithium. Amorphous silica is currently
extracted from the brine at all Salton Sea power plants to prevent scaling in injection pipelines and wells but is disposed as waste due to
low purity. BHP Billiton Ltd. investigated zinc, lead and silver extraction at the Salton Sea (U.S. Patent 5,229,003), but later ceded efforts
to CalEnergy (U.S. Patent 6,458,184). From 2000-2004, CalEnergy extracted and produced commercial quantities of High Grade
(99.95%) zinc from Salton Sea geothermal brine using solid-liquid ion exchange (Clutter, 2000); the plant was decommissioned due to a
combination of technical difficulties and poor market conditions. CalEnergy also produced manganese at the pilot scale using liquid-liquid
solvent extraction but did not attempt to commercialize the process (U.S. Patent 6,682,644). Recent efforts have focused on lithium
extraction due to rising market conditions related to electric vehicles and battery storage, and because power plants currently in operation
at the Salton Sea process brine with an annual lithium flux valued in excess of $2billion. Various methods for selectively extracting lithium
that have been proposed or attempted include: (1) solid-liquid ion exchange, (2) liquid-liquid solvent extraction, (3) high temperature
membrane filtration, and (4) wholesale brine salt precipitation followed by off-site purification.
The viability of metals extraction from geothermal fluids will be improved in the proposed commercial facility. The proposed geothermal
approach uses a heat exchanger and separates both the supercritical turbine and the supercritical electrolyzer from the minerals in the
resource, which would otherwise build up in the turbine and the electrolyzer. The build-up of minerals can be cleaned from the heat
exchanger using current geothermal maintenance techniques, more easily than it can be cleaned from the turbine or the electrolyzer. The
turbine and electrolyzer then operate like a standard supercritical turbine or electrolyzer, respectively, without the complications of
geothermal brine scaling inside the turbine or the electrolyzer. Standardized turbines and electrolyzers, rather than turbines and
electrolyzers that have been designed for the conditions of a specific well, will be less expensive to build and maintain, and can be rapidly
replaced with a standardized turbine or electrolyzer when maintenance is required. Whereas the currently operating geothermal plants are
optimized for power generation, the proposed facility will include metals extraction in the heat exchanger part of the integrated process
design, allowing the heat exchanger’s staged cooling of the geothermal resource to improve mitigation of unwanted amorphous silica
precipitation, and extraction of the target metals at optimum temperature, pressure and other physico-chemical conditions..
6. CONCLUSION
Recent innovations described above relate to exploring for and developing supercritical geothermal resources, including the tracing of
plumes from geothermal vents for thousands of kilometers across the ocean, the realization that a much greater heat flux at the core-mantle
boundary creates an ongoing source of magma and hot rock to drive upwelling along the mid-ocean ridges, and the use of a more
sophisticated analysis of seismic wave data to gather data on upwelling and other activity in the rift zones to a depth of 200 kilometers.
These innovations confirm the existence of and aid in the development of the supercritical geothermal resources to power supercritical
Brayton-cycle turbine generators and supercritical electrolysis in cogeneration to provide electricity to balance intermittent power and
hydrogen to replace fossil fuels, with energy left over to drive innovative desalination and mineral extraction processes. Together, these
innovations will create a unified energy industry that operates entirely from renewable resources, on a balanced and sustainable basis.
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