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1. Introduction 
This post will start in my deep past, over 40 years ago and travel several decades into 
the future. The subject of this post is Geothermal Power, a renewable energy source that 
was first used to generate electricity in Larderello, Italy, in 1904, and thus is one of the 
oldest renewable energy sources. It has been used in my home state (California) to 
generate a significant amount of our electric energy since the early 1960s.  

In 1985 I became heavily involved with The Geysers Geothermal Generating Field, what 
is now (still) is the largest in the world by several metrics. 

And yet, I have never posted a paper about Geothermal Power. I’m really not sure why. 
Although I have written about many technologies in which I have been involved, I never 
devoted a significant amount of words to Geothermal Power, although the Geysers 
project involved me heavily for several years during a formative part of my career. 

Nevertheless, I have decided to rectify this failure and write this post. As I started 
researching this, I found that this technology has not only been amazing in the past and 
present, it will be important to our efforts to overcome climate change in the future. 

2. The Past 
In 1980 I worked for GE Nuclear in San Jose. I felt that GE was probably one of the best 
managed companies in the world. I also had a successful career with GE. However, I 
really didn’t believe that the Nuclear Industry was best for my future as an electric 
engineer.  

Thus I left GE and went to work for a division of Landis & Gyr. Shortly after this, I 
became involved with an internal L&G start-up that was developing a new small 
Supervisory Control and Data Acquisition (SCADA) system, primarily focused on the 
electric utility market.  

I was responsible for proposal management for this new group, and we were not having 
much success selling this product, but we did sell a system to Pacific Gas & Electric 
(PG&E) that was used to monitor and control Helms Pumped Storage and a number of 
nearby small hydroelectric facilities. This was a simple system and met PG&E’s needs 
well enough. Thus a few years later, when they needed a SCADA/Automatic Generation 
Control (AGC) system to replace a failing system at The Geysers, we were given a 
chance to compete for this opportunity. And we received the order. 

This was a challenging system. Our main challenge was that The Geysers had an issue 
with hydrogen sulfide (H2S) emissions. H2S tended to react with many things electrical 
and electronic (like most of the components of SCADA Systems) and degrade them. We 
used several techniques to overcome this challenge. The Geysers System was 
successful and had a long lifetime. 
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PG&E sold The Geysers to Calpine just before Y2K as part of California’s initial 
deregulation attempt, a.k.a. “The Meltdown.” I called Calpine’s personnel at The Geysers 
a few years thereafter and the system was still operating and meeting their needs. 

However in this timeframe The Geysers had two issues. H2S I mentioned above. There 
are various methods to control this, the primary one used by PG&E / Calpine was 
collecting this gas aggressively and pumping it back underground. I believe this was 
primarily sent back down with the condensate from the geothermal steam. 

In order to explain the second problem and ultimate solution, I need to explain a bit more 
about geothermal power.  

2.1. Where Does Geothermal Energy Come From? 
Geothermal energy is really nuclear energy, but the reactor is the Planet Earth: 

The slow decay of radioactive particles in the Earth’s core, which is a process that 
happens in all rocks, is what produces geothermal energy. The different layers of the 
Earth include the crust, mantle, and …cores. The crust is the outermost layer of the 
Earth, what every living thing walks, slithers, or crawls, on every day. The crust forms 
the continents and ocean floors. It can be 3-5 miles thick under the oceans, and 15-35 
miles thick on the continents. Next is the mantle. This surrounds the cores and is about 
1,800 miles thick. It is made up of magma and solid rock. Lastly, we have the cores. The 
inner core is solid iron while the outer core is made up of insanely hot magma. Possibly 
even hotter than the sun…1 

Heat is continuously produced in the mantle, due to the presence of magma. The 
amount of heat just within 10,000 meters of the Earth’s surface contains 50,000 times 
more energy than all the oil and natural gas resources in the world. 

The areas with the highest underground temperatures are in regions with active or 
geologically young volcanoes. These regions are also seismically active. This happens 
to be great for the harvesting of geothermal energy because earthquakes and magma 
movement break up the rock covering, allowing water to circulate. This is how one of the 
most famous geysers actually formed, Old Faithful in Yellowstone National Park. The 
heat of the water in some of these systems can reach 430°F. 

If you drill deeply enough hot rocks are everywhere, however in many places they are 
relatively close to the surface. In The Geysers, the maximum depth for production (dry 
steam out) and injection (condensate in) wells is about 13,000 ft. 

In spite of reinjecting condensate back into the production formations, when I was 
working there in the late 1980s The Geysers had diminishing production. The diminished 
generation capacity was due to water-loses during the steam condensation and 
condensate injection. This resulted in depletion of the water in the production zone. 

I believe PG&E started piping treated wastewater from nearby communities’ treatment 
plants, and injecting it into The Geysers production zones. Calpine continued expanding 
this, which has slowly increased The Geysers’ power production. 

                                                 
1 Green and Growing, “Geothermal Energy: Earth’s Natural Source for Heat,” 

https://www.greenandgrowing.org/geothermal-energy-information/  

https://www.greenandgrowing.org/geothermal-energy-information/
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The table below describes The Geysers metrics currently.2 

Site Area 29,000 acres 

Active wells 376 

Power stations 18 

Steam-turbine/generation units 22  

Peak power output 1,590 MW 

Yearly energy output (2019) 5,864 GWh 

2.2. Other Major Geothermal Production Areas 
In California there are two other major production areas: Imperial County near the 
Mexican Border produced 3,718 GWh and Inyo County east of Bakersfield produced 
1,176 GWh (both in 2019). Geothermal energy provided about 5.5% of California's in-
state generation (about 11,000 GWh) in 2019. 

Nevada has 805 MW of geothermal power, Utah has 84 MW and Hawaii has 51 MW. 

3. The Future 
Even though all locations on the earth have geothermal energy if you drill deeply 
enough, this is only financially viable for areas where the hot zones are close to the 
surface. The deepest wells drilled to extract geothermal energy to date are in Finland, 
and these are 6,400 meters (about 21,000 ft.) deep. There are two wells for this project 
and there are plans to deepen them to 7,000 meters, at which point they will be used for 
district heating.3 

3.1. Advantages of Geothermal Power 
Geothermal power offers the following benefits vs. many other renewable energy 
sources: 

 Fully dispatchable at any time of the day (vs. photovoltaic and wind), and any 
time of the year (vs. hydro), and never needs refueling (vs. normal nuclear). 

 Outside of (more or less) standard steam-turbine gen-sets, the only major 
development activity is drilling wells into steam-generating strata. As our efforts 
to reduce greenhouse gases (GHG) mature, there will be less need to drill wells 
to extract petroleum, and drilling professionals can be diverted to identifying likely 
geothermal resources and drilling geothermal wells. 

 Shallow geothermal resources are likely exist anywhere with hot springs, geysers 
or similar geothermal features. 

                                                 
2 Wikipedia Article on The Geysers, https://en.wikipedia.org/wiki/The_Geysers  
3 Alexander Richter, Think Geoenergy, “Developer successfully drills 6,400m well for geothermal heating 

project in Finland”, April 23, 2018, https://www.thinkgeoenergy.com/developer-successfully-drills-6400m-

well-for-geothermal-heating-project-in-finland/  

https://en.wikipedia.org/wiki/The_Geysers
https://www.thinkgeoenergy.com/developer-successfully-drills-6400m-well-for-geothermal-heating-project-in-finland/
https://www.thinkgeoenergy.com/developer-successfully-drills-6400m-well-for-geothermal-heating-project-in-finland/
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3.2. GeoVision 
The Department of Energy analyzed the economic potential for wider deployment of 
various configurations of geothermal power in their GeoVision Project. This project’s 
goal was increasing Geothermal Electricity Generation 26-fold by 2050.4 

To evaluate the potential for geothermal energy to contribute to America’s energy future, 
the U.S. Department of Energy’s Geothermal Technologies Office initiated the 
GeoVision analysis—a detailed research effort to explore opportunities for increased 
geothermal deployment and the pathways necessary to overcome technical and non-
technical barriers to such deployment. The analysis evaluated opportunities for 
successful geothermal deployment based on three key objectives: 

 Increased access to geothermal resources 

 Reduced costs and improved economics for geothermal projects 

 Improved education and outreach about geothermal energy 

The GeoVision analysis used rigorous quantitative models to assess geothermal 
deployment potential under scenarios that considered a range of technologies, market 
conditions, and barriers. The analysis determined that achieving all three key objectives 
can reduce risk and costs for geothermal developers, increase growth potential for 
geothermal energy, and provide the United States with secure, flexible energy that offers 
economic benefits to the geothermal industry and environmental benefits nationwide. 
The analysis projected that, through technology improvements, geothermal electricity 
generation capacity has the potential to increase to more than 60 gigawatts by 2050—
providing 8.5% of all U.S. electricity generation. 

Here I will temporarily part ways with this analysis. Although it appears to be as 
advertised above, it doesn’t really define a path to widespread use, particularly in 
consideration of the emerging environment of other very low-cost renewables plus 
storage. In order for geothermal to reach widespread implementation, it must compete 
with these future power generation methods. Although it has some intrinsic advantages, 
geothermal must establish some market niches where it is the most cost-effective 
solution. Otherwise projects will never be built. 

3.3. Start with Low Hanging Fruit 
All geothermal power requires drilling many production wells to extract the thermal 
energy via steam, and probably other wells to inject water.  

The hot rocks in which geothermal energy resides can be relatively shallow, like those 
under The Geysers, or very deep indeed (over 30,000 feet). The “low hanging fruit” are 
those resources with demonstrated potential for shallow thermal energy. 

Also, the path that The Geysers followed should be used for most initial geothermal 
project development. 

                                                 
4 U.S. Department of Energy, Office of Energy Efficiency and Renewables, “GeoVision: Harnessing the 

Heat Beneath Our Feet”, https://www.energy.gov/eere/geothermal/downloads/geovision-harnessing-heat-

beneath-our-feet  

https://www.energy.gov/eere/geothermal/downloads/geovision-harnessing-heat-beneath-our-feet
https://www.energy.gov/eere/geothermal/downloads/geovision-harnessing-heat-beneath-our-feet
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3.4. Areas for Development 
This subsection will primarily use the GeoVision Document, referenced above. 

Note from Author: This paper covers geothermal facilities that produce electric power 
as described earlier. Although hybrid electric generation and mineral recovery are 
included in these facilities. The reference at the end of this sentence may define a way 
to make geothermal more cost-effective via mineral recovery.5  

Some applications in GeoVision that do not produce power (like low-temperature 
geothermal as used for heating and air conditioning applications) will not be covered. 

The GeoVision analysis followed a “bottom-up” approach to answering a fundamental 
question about the levels of deployment possible under varied scenarios: 

To address this question, the DOE’s Geothermal Technologies Office (GTO) led an 
analysis of geothermal energy growth scenarios through 2050. The analysis aimed to 
execute five key activities: 

1. Define and evaluate geothermal growth scenarios through 2050, backed by 
robust data, modeling, and analysis 

2. Address all major geothermal resource and market segments, i.e., existing and 
potential hydrothermal and enhanced geothermal resources … and other additive 
value streams 

3. Execute an objective and transparent process, supported by peer-reviewed 
industry data that are made available to decision makers 

4. Produce a vision for domestic geothermal industry growth that is aspirational, 
motivating, and achievable 

5. Articulate strategies for growth and identify paths by which the industry and its 
stakeholders may achieve the results identified in the GeoVision analysis. 

The first key objective on which the GeoVision analysis is based is increasing access to 
geothermal resources. The GeoVision analysis assessed … hydrothermal resources and 
EGS (enhanced geothermal systems)6 resources…  

The second key objective is reducing costs and improving economics for geothermal 
projects. Geothermal projects are often characterized by high upfront costs and long 
development timelines that lead to protracted investment payback periods relative to 
many other utility-scale power generation projects. These factors create risk for 
developers, tying up capital for long periods of time and making it difficult to obtain cost-
effective financing. Risks can be even higher for projects that require unproven 
technologies to harness the geothermal resource and turn it into useful energy. Lowering 
development costs and improving overall project economics can reduce developer risk 
and improve the value of geothermal projects for financiers. 

                                                 
5 News Release Julie Chao, Lawrence Berkeley National Laboratory, “Geothermal Brines Could Propel 

California’s Green Economy”, August 5, 2020, https://newscenter.lbl.gov/2020/08/05/geothermal-brines-

could-propel-californias-green-economy/  
6 EGS are geothermal resources that lack the necessary groundwater and/or rock characteristics (e.g., 

permeability) to enable economic energy extraction without innovative subsurface engineering and 

transformation (fracking). 

https://newscenter.lbl.gov/2020/08/05/geothermal-brines-could-propel-californias-green-economy/
https://newscenter.lbl.gov/2020/08/05/geothermal-brines-could-propel-californias-green-economy/
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The third key objective is improving education and outreach about geothermal energy. 
Unlike the sun or the wind, geothermal energy resources are located underground and 
are not commonly visible or tangible... Geothermal energy is not generally understood or 
appreciated by the public in the same way as other renewable energy resources such as 
solar and wind… Increasing acceptance and interest—in turn, potentially influences 
financing options, land access, and other aspects of geothermal development. 

3.4.1. Financing and Costs 

In the electric sector, geothermal power projects have higher capital and financing costs 
than many other energy projects. Conventional geothermal developments have capital 
costs of about $3,000 to $6,000 per kilowatt-electric (kWe), as compared to land-based 
wind or utility-scale solar photovoltaic capital costs, which are $1,700 to $2,100/kWe.7 
Additionally, finance data show that investors require a higher expected investment 
return for geothermal projects compared to other renewable power projects, translating 
to higher financing costs. Reducing both capital and financing costs can help make 
geothermal power generation more competitive. 

Financing disparities overlap the three key objectives of the GeoVision analysis. 
Challenges arise from the risk and cost of characterizing and quantifying subsurface 
resources, coupled with long construction timelines and financing terms that delay 
investment payback. In the test-drilling stage of a geothermal project, resource 
confirmation activities and financing tend to carry high risk and high cost; at this stage, 
developers (and, hence, financiers) cannot be certain that a geothermal resource will 
provide a return on investment. Risks and costs vary for different types of geothermal 
resources, generally increasing with depth and temperature. Resource confirmation 
activities also carry non-technical risks, such as uncertainties associated with project 
permitting or land access. Financing becomes available at lower interest rates in the 
later drilling and construction phases of the project. Project risk decreases as production 
drilling ensues and the resource is proven to have commercial potential. 

3.4.2. Industry Size and Technology Maturity 

The risks and challenges encountered while drilling deep, high-temperature geothermal 
wells are broadly similar to those in the oil and gas industry, although the industries are 
vastly different in scale.8 Oil and gas companies are accustomed to subsurface and 
drilling risks, and, as such, know how to manage and reduce them. Oil and gas 
companies also tend to be well-capitalized and have successfully leveraged new 

                                                 
7 Capital costs vary by resource grade and power-plant configuration. Conventional geothermal power-

plant developments consider hydrothermal flash and binary power plants, which have capital expenditures, 

or CAPEX, of $5,049 and $6,042/kWe, respectively. Land-based wind developments have CAPEX ranging 

from $1,737 to $2,109/kWe for resource grades from techno-resource group (TRG) 1 to TRG 10, 

respectively. Utility-scale solar photovoltaic CAPEX is $2,024/kWe. 

Data from: Cole, Wesley; et al, 2016 Annual Technology Baseline (ATB). NREL/PR-6A20-66944. 

Golden, CO: National Renewable Energy Laboratory, https://www.osti.gov/servlets/purl/1320377  
8 In 2016, oil and gas operators in the United States—supported by a $48 billion oil field service industry—

were estimated to have collectively drilled 151,481,900 feet in as many as 14,632 wells (WorldOil 2017, 

Grand View Research 2018). Accurate data on total annual domestic geothermal wells drilled are 

unavailable. However, by comparison to oil and gas, the relatively small size of the geothermal industry is 

illustrated by comparing the 860 total geothermal wells in the state of California (which has the world’s 

largest installed capacity of geothermal power generation) to the 892 oil and gas wells drilled in California 

in 2017 alone (WorldOil 2017, State of California 2018). 

https://www.osti.gov/servlets/purl/1320377
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technologies and improved business standards to minimize resource risks and costs. In 
the geothermal industry, drilling risks and costs can be managed through similar 
approaches, but the comparatively small size of the industry presents challenges in 
gaining sufficient momentum to achieve similar results. Developing new technologies 
and business practices will also be necessary for the geothermal industry to manage 
risks unique to geothermal resources… 

3.4.3. Development Timelines 

As noted in the second objective for the GeoVision analysis, the geothermal industry 
faces risks related to long development timelines (typically 7–10 years) that delay 
payback on initial investments and increase project financing costs. The GeoVision 
analysis evaluated potential scenarios for shortened development timeframes for 
geothermal electric projects. These scenarios include the effects of streamlined 
regulatory processes that would allow for faster and less costly drilling and testing of 
resource-confirmation wells. Such improvements could help reduce financing costs and 
improve project economics (second objective)… 

3.4.4. Induced Seismicity 

One notable challenge for the geothermal industry is the perceived risk of induced 
seismicity. Movement of fluids into or out of any well (e.g., water, oil and gas, 
geothermal) can induce or trigger some level of seismic activity. The extent and 
magnitude of that activity and its proximity to property and people determines the level of 
potential risk. Injection of fluids under high pressures and into critically stressed rock 
generally results in the greatest amount of seismic activity. 

High-pressure injection is uncommon in conventional geothermal energy extraction, and 
the risks to people and property are correspondingly small. However, higher-pressure 
stimulation technologies may ultimately be required to achieve economic deployment of 
EGS (enhanced geothermal systems), potentially elevating the risks of induced 
seismicity. The United States has demonstrated leadership in this area with a DOE-
developed mitigation protocol to address induced seismicity from EGS.9 The geothermal 
industry will need to continue to proactively manage and reduce induced seismicity risks 
effectively and help the public discern between real and perceived risks. These goals 
can be achieved through ongoing communication with stakeholders (third objective) as 
well as through new and improved technologies that provide developers with greater 
understanding and control of potential induced seismicity.  

3.5. Types of Geothermal Resources 
The following are the two types of geothermal resources that we will look at in this paper: 

Hydrothermal resources are considered conventional geothermal resources because 
they can be developed using existing technologies. The natural formation of a 
hydrothermal resource typically requires three principal elements: heat, water, and 

                                                 
9 DOE’s Geothermal Technologies Office developed the “Protocol for Addressing Induced Seismicity 

Associated with Enhanced Geothermal Systems” as a 7-step process for addressing induced seismicity 

concerns (see below for reference). 

Majer, E., et al, U.S. Department of Energy, “Protocol for Addressing Induced Seismicity Associated with 

Enhanced Geothermal Systems,” DOE/EE-0662, Jan 2012, 

https://www1.eere.energy.gov/geothermal/pdfs/geothermal_seismicity_protocol_012012.pdf  

https://www1.eere.energy.gov/geothermal/pdfs/geothermal_seismicity_protocol_012012.pdf
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permeability. When water is heated in the Earth, hot water or steam can become trapped 
in porous and fractured rocks beneath a layer of relatively impermeable caprock, 
resulting in the formation of a hydrothermal reservoir. Geothermal water or steam may 
emanate naturally from the reservoir and manifest at the surface as hot springs or 
geysers; but most stays trapped underground in rock, under pressure and accessible 
only through drilling. Hydrothermal resources can provide economic and renewable 
energy when the three principal elements of heat, water, and permeability are present in 
sufficient amounts to support cost-competitive energy-extraction rates. Hydrothermal 
resources are found primarily in the western United States and in Alaska and Hawaii, 
where the Earth’s tectonic activity has resulted in areas with naturally elevated heat flow 
(Figure below from Reference 4). 

 

Conventional hydrothermal resources are sub-categorized by the U.S. Geological 
Survey as either “identified” or “undiscovered”. As the name implies, identified 
hydrothermal resources have already been identified or are otherwise known to exist 
through application of conventional exploration technologies and methods. Identified 
hydrothermal systems typically have at least some surface expression... Conversely, 
undiscovered hydrothermal resources are difficult to identify with existing exploration 
technologies and methods. This is true largely because these resources lack traditional 
surface manifestations that indicate subsurface resource potential. Existing geophysical 
techniques cannot reliably detect these systems or image them with a high degree of 
confidence. New exploration tools and technologies need to be developed to capture the 
resource potential of undiscovered, “hidden” resources. Initiatives supporting early-stage 
research and development efforts for such tools and technologies are detailed in this 
reference. The application of new exploration tools and technologies in a robust, 
consistent, and systematic approach will improve the success rate of geothermal 
development projects while reducing overall exploration costs, thus improving access to 
financing for drilling. 
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The U.S. Geological Survey (USGS) resource assessment estimates that the identified 
hydrothermal resources of >90°C in the United States have the potential to provide a 
mean total of 9,057 megawatts-electric (MWe) of electric power generation… 

USGS predicts another 30,033 MWe of undiscovered hydrothermal resource potential 
remaining undeveloped. USGS estimated the undiscovered hydrothermal resource using 
geographic information system-based statistical methods to analyze the correlation 
between spatial data sets and existing geothermal resources. This correlation was used 
to derive the probability of the existence of geothermal resources in unexplored regions.  

Enhanced Geothermal Systems: The principal elements of heat, water, and 
permeability—when found together and in sufficient amounts—can support cost-
competitive rates of energy extraction. Independent of water and permeability, thermal 
energy (heat) exists everywhere on Earth and increases with depth. Research funded in 
part by the U.S. Department of Energy (DOE) in the 1970s opened new frontiers of 
geothermal resources by studying EGS. At the most basic level, EGS are manmade 
geothermal reservoirs. Where the 
subsurface is hot but contains little 
permeability and/or fluid, pumping 
water into wells could stimulate the 
formation of a geothermal reservoir 
capable of supporting commercial 
rates of energy extraction.  

Comment from the Author: In 
keeping with my proposal to initially 
only develop low-hanging fruit, it is 
proposed that the U.S. initially only 
focus on developing identified 
hydrothermal resources. Those are 
shown for the western U.S. in the map 
to the left. 

At the same time techniques should 
be developed to better identify 
undiscovered resources. This will 
result in accelerating the drilling of 
exploratory wells used to confirm 
these resources. Initial confirmation 
wells might also identify resources 
that can only be developed using EGS 
(enhanced geothermal systems).  

EGS development-related exploration 
should initially only be used to refine 
EGS technology and reduce the probability of undesirable side-effects like induced 
seismicity. 


