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Pathways to Decarbonizing Heat 
Building a Holistic Framework for Evaluating and Ranking Decarbonization Strategies for Industrial 

Heat in Light of Economic Efficiency, Public Policy, Timing Readiness, and Infrastructure Realities 

 

 

Introduction 
Heat is arguably the most important form of energy in the United States and the world. Without 

it, we could not forge steel to build our infrastructure, we could not process raw materials, we 

could not generate most utility-scale electricity, recycling would not be possible, and our food 

and water would be unsafe. In its various applications, commercial and industrial heat are central 

to the economy and our quality of life.1 This also makes heat-generating sectors concentrated 

sources of greenhouse gas emissions, as process heat is primarily generated through combustion 

of hydrocarbons.  

 

These hydrocarbons have built the modern world and continue to run it today. In pursuit of 

decarbonization, there are some wishing to see the entire economy electrified and to completely 

depart from hydrocarbons. When these goals are set forth, they often overlook or reject 

fundamental realities about the scale of our energy dependence, state of our infrastructure, and 

our true reliance on hydrocarbons. While many present arguments on the economic viability of 

hydrocarbon alternatives like renewables, very few advocates provide a holistic framework for 

evaluating an economy-wide decarbonization scheme. We do so here, with a limited approach to 

the sector producing commercial and industrial heat.  

 

What is often presented is an idealized plan for electrifying the economy. Details like “only x 

square miles need to be covered in solar or wind farms” give the impression of eminent 

feasibility, often paired with high generating capacity that impresses policymakers. Usually 

unstated are the difficulties in bringing such a strategy to fruition, which would likely include: 

land purchase or use agreements that may require eminent domain; lengthy and protracted 

litigation over environmental impacts and cost-benefit analyses; substantial permitting and 

licensing to approve the project; supply chain risks for acquiring the materials necessary for the 

project; new infrastructure needed to facilitate the strategy, such as hundreds or thousands of 

miles of high voltage transmission lines; the lifecycle emissions accounting for each step; the 

timeline to accomplish each step and ultimately be placed into service; and other factors.  

 

What is more, some of the issues further down the chain of events will face the same challenges. 

For instance, with a potential energy solution that will require transmission lines, not only will 

there be land acquisition, studies, permitting, and time to build the energy generating 

infrastructure, but those same factors will then apply to building the transmission lines, 

potentially adding years and millions in cost.  

 

Before we can rebuild the economy and commit to an unprecedented energy transition, these 

factors must be written out, explained, understood, and internalized. This framework establishes 

the tools to do so.  

 

Based on qualitative research and expert analysis, this paper puts forth a framework that will be 

utilized in future research. This framework factors in cost, environmental impact, and broader 
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legal realities like permitting, construction timelines, and legal challenges. From the analysis 

conducted here, the most economically and politically feasible pathways demonstrating promise 

to decarbonize the industrial and commercial heat sector appear to be distributed “low-carbon 

intensity” production of hydrogen from natural gas and greater development and use of nuclear 

power. The remaining strategies appear substantially less feasible when evaluating them 

holistically, but engineering and public policy realities may vary or change over time.  

 

There are at least six factors that must be assessed for each decarbonization strategy. If the 

strategy is to be implemented effectively, it must perform well in these metrics: (1) cost, (2) 

environmental impact, (3) regulatory/permitting compliance, (4) timing readiness, (5) logistical 

feasibility, and (6) power potential. 

 

For the purposes of this paper, we do not evaluate traditional hydrocarbons. These represent the 

status quo and have a long and proven track record of reliability, power intensity, 

transportability, storability, accessible supply chains, and affordability. The entire world we now 

live in was built using hydrocarbons, and that infrastructure is already in place. This paper 

challenges those who wish to depart from the status quo – often on the basis of carbon emissions 

alone – to assess the viability and net effects of available alternatives.  

 

Accordingly, because decarbonization is the focus, we omit high-emitting methods, such as 

steam methane reforming or coal gasification to produce hydrogen. Carbon capture was also not 

considered. These represent the status quo not in need of defense or criticism. As we depart from 

the status quo, we enter the ongoing dialogue and debate but offer analytical tools needed to 

holistically evaluate the pathways to decarbonizing. Any viable decarbonization strategy must 

not threaten a robust and thriving industrial process heat sector necessary for life, progress, and 

even future production of renewable technologies and electric vehicles.  

 

Cumulative Assessment 
The factors presented in this paper are critical to the viability and success of an energy strategy. 

While some factors are commonly discussed, others are lesser known, and some are entirely 

ignored in popular debate. Only by evaluating each of these factors and combining them can we 

accurately assess the feasibility of decarbonizing with each option.  

 

They may cut different ways – the most energy dense may take the longest time to implement, or 

the least carbon intensive may require the most permitting to go into effect. These must be 

understood, balanced, and articulated so that policymakers can make better informed decisions. 

We cannot simply subsidize or penalize energy resources into viability or out of favor, and we 

must confront the existing and projected infrastructure needs inherent to each strategy. 

Moreover, a cumulative cost-benefit analysis means that, where necessary, the same analysis is 

conducted for necessary conditions that are not yet present.  

 

This may mean analyzing external factors not directly related to process heat, such as analyzing 

the factors for new power generation facilities and the transmission infrastructure required to 

connect it to the grid, employing the six factors to each. This approach demonstrates the 

ballooning effect that many decarbonization strategies truly entail, but which are not often 

discussed and allows for a clear comprehensive cost and benefit analysis to be presented.  
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The framework includes the following six individual factors: 
 

 

Cost 

The strategy must be cost effective, or at least cost competitive. That means it must be 

economical on its own such that it can be scaled up and adopted voluntarily by the industry or 

with light regulatory and government involvement. A strategy that relies entirely on subsidies or 

penalizing competing strategies is not viable.  

 

Environmental Impact 

Perhaps counterintuitively, every decarbonization strategy comes with its own environmental 

impact. This can be viewed positively and negatively – meaning the affect this strategy has on 

the environment or the relief it provides to the environment. Factoring in lifecycle emissions, 

waste disposal, material-intensity, recycling, and ecological impact, these strategies must 

demonstrate that they are a net benefit. Moreover, the most implementable strategy should have 

the greatest net benefit relative to its competitors.  

 

Regulatory and Permitting Compliance 

No infrastructure project – even deployment of renewables – takes place in a vacuum. Long 

before any wind turbine is generating power or any solar array is installed, a series of regulatory 

hurdles and permitting tasks must be overcome. These may even include environmental impact 

studies, cost-benefit analyses, or paperwork filed with multiple redundant agencies at the local, 

state, and federal levels. Some decarbonization strategies involve complex bureaucratic 

procedures or rely upon technology that currently has changing or no regulatory guidelines. 

 

Timing Readiness 

How quickly can the strategy be implemented? When accounting for the previous factors, some 

projects may take years to move from conceptualization to generating heat. Not only do builders 

have to contend with government processes, but they may face landowner opposition, 

environmental activism (e.g., sit ins, lawsuits, permitting challenges), and cost overruns.  

 

Logistical Feasibility 

There are numerous factors to assess when it comes to logistics. Are the raw materials affordable 

and available for the project? Does this strategy rely, in whole or in part, on supply chains 

reaching into another part of the world? Does this strategy rely on other or new infrastructure to 

be built, and if so, what other contingent factors exist?  

 

Power Potential 

At the end of the day, the only way the strategy is viable is if it can meet or exceed existing 

power. Replacing coal with something that is intermittent, dilute, or unreliable for any reason 

means the strategy is not viable for generating sufficient and on-demand heat at an industrial and 

commercial scale. 

“Determining which heating process to use is one of the most challenging decisions for manufacturing 
and industrial managers to make. Variables to be considered include the intermittency of the resource, 
the cost of the heating application, storage options and process integration.” [Processing Magazine] 
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Assessing the Energy Resources and Technology at Play 
Under the umbrella of energy for process heat, there are multiple decarbonization options. These 

vary in their level and ability of decarbonization, especially when it comes to the different scopes 

of emissions. This means that some produce energy with zero carbon emission, but have varying 

carbon footprints to source, build, and deploy those energy options as well as to retire them – or 

their lifecycle impacts. Similarly, they require varying levels of new supporting infrastructure. 

 

The purpose of this section is not to compare the resources directly to one another, but to walk 

through each energy resource that provides a pathway to generating industrial and commercial 

process heat. It will be necessary at points to make such direct comparisons for the sake of 

illustrating relative differences. In a future report, we will rank these with an objective 

methodology to offer policymakers the clearest view of the comprehensive costs and benefits of 

each decarbonization process.  

 

We will primarily evaluate hydrogen (including numerous production techniques), direct heat 

processes (including nuclear and geothermal), and electrification (including numerous 

production techniques) as the leading candidates for low-carbon industrial heat potential. Each 

technique will face the six analytical factors outlined above.  
 

 

Hydrogen 
Here, we are only evaluating so-called clean hydrogen options. Because 

hydrogen is not naturally occurring at surface level, it must be produced 

by splitting hydrogen atoms from other molecules, namely methane 

(CH4) and water (H2O). The following hydrogen solutions have the 

same power potential, but they differ in each of the other five factors.  

 

Hydrogen from natural gas 

While sometimes referred to as “turquoise hydrogen”, when combined 

with CO2 capture, methane pyrolysis is a scalable technique to produce 

hydrogen that does not produce carbon dioxide emissions. This is 

accomplished using one of four methods: microwave, catalytic, plasma, 

or thermal. On average methane pyrolysis uses three times less 

electricity than electrolysis.2 

 

As a decarbonization strategy, distributed methane pyrolysis at the 

point-of-use provides the most effective but also visually distinct 

version of decarbonizing. Logically, it is easier and more effective to capture carbon when and 

where it is more concentrated. Capturing carbon dioxide from the ambient air (Direct Air 

Capture) where it is the most diffuse is most energy intensive and most expensive. Carbon 

capture techniques near the source of combustion (Point Source Capture) where carbon is more 

concentrated requires less energy and is more cost effective. Yet it is possible to pre-capture 

carbon at its most concentrated point, by pulling it directly from the methane molecule itself 

rather than the ambient atmosphere or exhaust fumes. This “pre-combustion carbon capture” 

utilizing low CO2 methane pyrolysis separates the atomic components of methane (CH4) into 

separate hydrogen and carbon molecules, with the carbon being collected as a solid.  

“Unlike solar and wind energy, 
hydrogen is a more natural 
substitute for fossil fuels in 
sectors that are particularly 
difficult to decarbonize (i.e. 
transportation and industrial) 
and where the ability to 
quickly respond to sudden 
increases in energy demand 
or to maintain consistent 
energy supply is critical.”  
[Baker Institute] 
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Cost 

With this method of producing hydrogen, there are four key cost factors: fuel, energy, 

equipment, and transportation. The fuel is natural gas. That market price is determined by 

exploration and production rates and influenced by the broader energy market. Currently, 

natural gas costs under $3 per million BTU. Natural gas is already the most relied upon 

resource for process heat because of its availability, affordability, ease of transport, and 

relatively low emission rate compared with coal. This also means natural gas 

infrastructure is already in place. 

 

The second is the cost of energy, which varies by process. With some thermal processes, 

the methane pyrolysis process can be initiated with natural gas, then sustained by its own 

clean hydrogen. Others require electricity or microwaves. While thermal requires the 

lowest energy input of the four processes (9 kWh/kg H2), it requires temperatures 

between 1,000 and 1,500 degrees Celsius.3 Plasma, Catalytic, and Microwave techniques 

each require between 10 and 20 kWh/kg H2, but demand temperatures of over 2,000 

degrees, between 600 and 1,100 degrees, and in the case of microwave, zero degrees.4  

 

The third cost factor is equipment to convert the gas into hydrogen by decaying the 

methane molecule into solid carbon and gaseous hydrogen. The capital investment varies, 

but dozens of companies are pioneering these techniques. Hydrogen from methane 

pyrolysis has the potential to produce hydrogen for roughly the same costs as Steam 

Methane Reforming (SMR)5 while emitting far less CO2.6 The costs and emissions vary 

by type of pyrolysis selected, but on average are competitive with existing SMR 

technologies and far lower cost and carbon footprint than electrolysis, given the reduced 

need for power from the grid and additional infrastructure.7  
 

 
Figure 1: Relative Cost and Carbon Intensities (Industrial & Engineering Chemistry Research) 

 

Whereas adopting carbon capture technology would increase costs for both natural gas 

users and hydrogen from SMR, methane pyrolysis is cost competitive with both and does 

not require carbon capture. “The cost of hydrogen produced by a combination of SMR 

and CCS is estimated to be $2/kgH2, while methane pyrolysis is noticeably lower – about 

$1.5/kgH2.”8 Overall, “It is estimated that hydrogen can be produced for $1.72/kg when 
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natural gas is $3/MMBTU”9 and as low as $1 to $2/kg.10 Including the other processes to 

decay methane, the average cost of hydrogen from methane pyrolysis is between 

$2.74/kg H2 and $5.36/kg H2.11 Unlike most other decarbonization strategies, however, 

methane pyrolysis includes a built-in positive revenue stream. Solid carbon byproduct 

can be sold to manufacturing, agriculture, and construction sectors as a valuable 

resource.12 This positive revenue can offset a portion of the cost and offers a unique 

environmental benefit by sequestering carbon from natural gas directly into roads, 

bridges, or other infrastructure. 

 

The fourth cost factor is transportation and storage of hydrogen. If produced hydrogen 

has to be compressed, driven to the location of the heating load, and stored on site, the 

associated cost and emissions footprint can triple.13 By decarbonizing natural gas behind 

the meter, near the point-of-use, hydrogen can be delivered without any added 

compression costs or transportation emissions. Where hydrogen is produced centrally, 

storage tanks, pipelines, and trucks must be factored into the costs.  

 

Environmental Impact 

The technique of distributed, behind the meter methane pyrolysis is unique already for its 

ability to not only produce hydrogen without creating carbon dioxide or other emissions, 

but by producing a solid carbon byproduct. This results in direct carbon capture and 

enables easy transport, storage, or use of the carbon. This even offers the potential to 

create carbon-negative heat or power by taking the carbon out of the equation when 

renewable natural gas is used. In such instances, this technique reverses emissions.  

 

This strategy utilizes natural gas, and the existing natural gas pipeline network has some 

imperfections. While natural gas does arrive at its final destination with over a 99.999 

percent rate, some may inevitably leak throughout the process from well head to final 

use. These are a function of the status quo and will happen regardless of the energy 

strategy wherever natural gas remains in use. This technique could counteract that by 

taking carbon out of the natural gas at its end use and also reversing net carbon emissions 

with greater utilization of renewable natural gas.  

 

Importantly, a distributed production technique also avoids environmental impacts that 

other methods require, namely new infrastructure. When centrally producing hydrogen, 

new facilities must be built, storage tanks must be installed, and transportation methods 

must be built. The process to do so is material- and energy-intensive on its own and 

would require environmental disruptions like pipeline construction from the production 

facility to end users.  

 

Once the hydrogen is ready to be used (whether produced on site or shipped in) it can 

have immediate effect but is unlikely to supplant all natural gas emissions in the short 

term. That is due to the need to transition to hydrogen through the use of blending.14 

While not all process heat equipment is calibrated for hydrogen, those using natural gas 

can begin to add hydrogen to the natural gas stream to begin decarbonizing right away.15  

 



 

Alliance for Innovation and Infrastructure | Aii.org 7 

 
Figure 2: Blending Effect on Decarbonization (Gas Technology Magazine) 

 

If hydrogen is produced in a centralized location and at scale, there will be building and 

material needs that are unnecessary with distributed production, such as a production 

facility, storage tanks, transportation options including pipelines, and more. These each 

require a substantial energy- and materially-intensive process that can have additional 

environmental considerations. In particular, by avoiding truck transportation, a 

distributed methane pyrolysis technique could deliver hydrogen with approximately one-

fifth the carbon emissions as centrally produced green hydrogen from all renewable-

powered electrolysis.16 If entirely renewable natural gas were used with distributed 

methane pyrolysis, this would deliver a negative carbon balance.  

 

Regulatory and Permitting Compliance 

The primary permitting concern is a patchwork of local and state level air quality 

environmental rules that do not measure emissions but use natural gas as a proxy. In this 

case, even with distributed hydrogen production, a greater amount of methane is used by 

a facility, but some or all of the carbon is stripped out. However, due to rigid 

environmental rules that only calculate the one-way natural gas flow, they rate the facility 

as increasing its emissions (because they do not measure actual emissions). In certain 

locations, this is a barrier for methane pyrolysis because even though in reality this 

process lowers or even eliminates emissions, inflexible and inaccurate standards 

erroneously view it as increasing them.  

 

Where there are no air quality standards regulations that closely track emissions, there are 

no regulatory barriers to installing and implementing a methane pyrolysis technique, 

because in many cases, it is simply a device or equipment installation added alongside 

existing facilities that does not require construction, retrofitting, or other overhauling. 

Where methane pyrolysis is used to centrally produce large quantities of hydrogen, the 

facility would be under additional regulatory and permitting burdens to build the 

production center, storage tanks, and transportation options.  

 

Finally, there are few regulatory hurdles for the handling, storage, or transport of physical 

carbon. It is not classified as a hazardous material but may require additional trucking or 

other transport options to remove it from the site. 

 

Timing Readiness 

This process is additive to existing industrial heat processes, meaning it does not require 

entirely new processes. It can be deployed immediately alongside natural gas heat 

sources. In most cases, equipment is calibrated to burn natural gas only, so switching 

entirely to hydrogen is not practical. In this case, blending is used, where hydrogen is 
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mixed into the fuel blend and burned alongside natural gas. While depending on the 

blend, this can offer immediate reduction in carbon intensity, the transition of blending to 

full hydrogen may take years.  

 

With distributed hydrogen production, which can be done on-site, there is no waiting 

time to build out hydrogen pipelines or storage tanks. This also renders added electricity 

demand unneeded, which reduces the risk of energy scarcity or reliance on new 

transmission infrastructure to be built. To the extent that natural gas is used to produce 

hydrogen centrally and at scale, depending on the technique, there may be years before 

sufficient infrastructure is in place.  

 

Logistical Feasibility 

This strategy is dependent on access to affordable natural gas. While this can be impacted 

by domestic policy that opposes hydrocarbons, natural gas is nevertheless abundantly 

available in domestic geologic reserves and collection of renewable natural gas extends 

this in perpetuity. There is limited supply chain risk to acquiring gas and a multimillion-

mile network of transmission and distribution pipelines is already in place. There is no 

need for new pipelines to be built – or retrofitted for hydrogen – because the distributed 

strategy utilizes the natural gas infrastructure already in place to generate hydrogen on-

site, short cutting many of the issues above.17 Where centralized production is preferred, 

considerable costs and challenges arise, as discussed more fully in the section on 

electrolysis, which has received more attention at larger scale.  

 

One clear drawback to this strategy is that the industrial sector is unlikely to adopt clean 

hydrogen technologies at scale without economic or policy incentives.18 Clean hydrogen 

must become competitive to be used. Only those choosing to lead in the decarbonization 

space or operating under decarbonization mandates are likely to begin using a method 

like methane pyrolysis. Because it could require twice as much natural gas, many may 

opt to continue the status quo.  

 

Lastly, the solid carbon produced as a product of methane pyrolysis must be addressed. 

Carbon can be used in many applications but there currently is only a nascent market to 

make use of the huge amounts of carbon that would be generated from full-scale methane 

pyrolysis. There is potential to generate tens of millions of tons of carbon as a byproduct 

of hydrogen production at an industrial scale, but the current global market only 

consumes about 16.4 MMT.19 This presents a unique opportunity for a new market to 

utilize carbon as an industrial or construction material, reducing demand for existing 

materials and lowering the carbon intensity of others. There is also an opportunity to 

sequester carbon directly into our roads, bridges, and other infrastructure.  

 

Power Potential 

Hydrogen has the energy density and thermal potential to compete with natural gas. Pure 

hydrogen burns at temperatures consistent with natural gas20,21 and with greater energy 

potential per unit than other traditional fuels.22 Hydrogen can be blended or burned alone 

and meet the needs of process heat across a range of temperatures, depending on the 

specifications on site.  
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As of 2022, over 40 percent of the U.S. industrial energy sector is served by natural gas.23 That 

means that rather than rebuilding a new energy sector to decarbonize industry, we could 

decarbonize the energy as it is fed into their systems with minimal disruption and no additional 

infrastructure buildout needed to support the solution.  

 

In sum, a distributed hydrogen production that leverages existing natural gas infrastructure 

avoids the costs, regulations, and technical issues inherent to many other strategies. There would 

be no new electricity infrastructure needed, no specialized hydrogen pipeline or storage tanks 

needed, and no new permitting to confront. This strategy is deployable now and capable of 

decarbonizing in the short run. The challenges to this model include recalibration or retrofitting 

of certain equipment to optimize the use of hydrogen where natural gas was the primary intended 

fuel. Additionally, this strategy would use more natural gas than currently needed to supply 

industrial heat, because the pyrolysis technique itself is energy-intensive. Finally, because of 

blending, this strategy would not immediately stop carbon dioxide emissions in the industrial 

heat sector but would lessen them to a small extent immediately and to a greater extent over 

time.  

 

 

Hydrogen from water:  

Classical green hydrogen is produced from water and electricity in 

a process known as electrolysis. Similar to methane pyrolysis, 

electrolysis does not produce carbon dioxide and instead splits 

water molecules (2H2O) to result in hydrogen (2H2) and oxygen 

(O2).  

 

This is accomplished using one of several methods: polymer 

electrolyte membrane (PEM), high temperature electrolysis 

(HTE), alkaline electrolysis cells (AEC), anion exchange 

membrane (AEM), or solid oxide electrolysis cells (SOEC). On 

average electrolysis uses three time more electricity than pyrolysis 

techniques.24 To be designated as clean or green hydrogen, the 

source of the electricity must also be low-carbon, such as nuclear, 

wind, hydropower, or solar. 

 

Cost 

A key benefit of electrolysis is the avoidance of natural gas or other fuels. The cost to 

produce hydrogen largely come down to water, equipment, and electricity. There are 

clear advantages and also drawbacks to this model, which also vary by location.  

 

Access to water is a struggle in some places, while it is abundant and affordable in others. 

This may constrain the use of hydrogen production through electrolysis in locations like 

the Southwest – although ironically, that is the area with the most concentration of solar 

and geothermal energy, where it is more cost effective to supply clean power. That 

presents a second challenge. Because electrolysis is only green if facilitated through 

power from renewable sources, this puts a premium on electricity costs and requires a 

well-connected and resilient power grid.  

“Electrolysis is a promising 
option for carbon-
free hydrogen 
production from renewable 
and nuclear resources … can 
range in size from small, 
appliance-size equipment that 
is well-suited for small-scale 
distributed hydrogen 
production to large-scale, 
central production facilities.” 
[US Dept of Energy] 
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Beginning with water, “9 liters (L) of water are required to produce 1 kilogram (kg) 

of hydrogen via electrolysis” but the entire production process necessitates an additional 

10 to 20 L/kg.25 While this amount of water adds up at scale, it is still half the water 

requirement for nuclear power.  

 

When factoring in equipment and capital costs, once operating, electrolysis can produce 

hydrogen at a cost of between $4 and $6 per kg of H2.26 “Low-cost clean hydrogen via 

electrolysis will entirely depend on the availability of low-cost renewable [or nuclear] 

electricity of less than $20/MWh.”27  

While current electricity costs and grid infrastructure mean a relatively higher cost of 

hydrogen with electrolysis, costs are projected to fall by 50% for producing hydrogen by 

PEM electrolysis by 2030.28 Solar could cost as little as $22/MWh by 2035, while wind 

could cost as little as $24/MWh by 2025.29  

 

The LCOE of nuclear power plants with a lifetime extension will be cheaper than that of 

wind or solar in 2040, but newer nuclear plants will likely have higher LCOE than solar 

or wind.30 Barring the improvement and deployment of new nuclear reactors this decade, 

“the clean energy transition will become far more expensive, requiring $1.6 trillion in 

additional investment.”31  

 

A final cost, which is contemplated below, is the need for other infrastructure and 

transportation options.  

 

Environmental Impact 

Because of its electricity demand, creation of hydrogen from electrolysis can actually 

have a higher carbon footprint than traditional SMR because of the impact on the electric 

grid.32 This is why electricity must come from low-carbon or renewable sources to 

produce green hydrogen, but there are still grid impacts.  

 

Deploying the new capacity needed to power electrolysis will mean wind, solar, and 

other energy farms disrupting natural ecosystems and also require extensive increases in 

mining around the world. The needed transmission infrastructure, which also has high 

energy and material demands, will then need to be constructed. clean energy technology, 

while producing no or low CO2 emission during power generation, requires a 

considerable increase in mining and mineral extraction.33 Wind energy infrastructure is 

more mineral intensive than any other form of electricity generation, despite its low 

emissions, owing to its scale and the raw materials needed, including steel, concrete, 

fiberglass, and more.34  

 

Not only do these renewable technologies and infrastructure have upfront costs and 

impacts, but they must be retired and disposed of as well. This is far down the chain from 

the direct production of hydrogen through electrolysis, but it is the natural consequence 

of increasing the use and capacity of renewables to do so.  

 

Then there are the material needs to facilitate electrolysis itself. For instance, PEM 

electrolysis (expected to be grow to around 40 – 45 percent of the U.S. hydrogen market) 
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is highly mineral intensive. Estimates predict that within the decade, PEM electrolyzer 

demand could require up to 30 percent of the global iridium production.35  

 

Beyond mining for raw materials, water can also be a scare resource. As hydrogen 

production would be a new source of demand, this would compete with existing 

industrial water use, municipal safe and wastewater demand, and other commercial 

needs. Notably, if electrolysis is facilitated by nuclear power, there is substantial water 

use in the system. By contrast, methane pyrolysis can be accomplished without water or 

renewable power (depending on the method) and still deliver low, no, or negative carbon 

hydrogen.  

 

A final environmental impact to consider is the movement of the hydrogen. On-site 

production offers the most environmentally friendly option, but does not take advantage 

of scaling. When produced at a central facility, hydrogen will require energy- and 

material intensive storage tanks and compression equipment. The hydrogen will then be 

placed into new pipelines (which must be built) or on trucks (which will have their own 

emissions). Even if electric vehicles are used, the overall energy and material intensity 

must be factored in.   

 

Regulatory and Permitting Compliance 

There are at least three things to consider: permitting for the electrolysis hydrogen 

production facility, access to (and permitting for) renewable energy to supply power, and 

supporting infrastructure needed to bring the new hydrogen to market.  

 

While state-level regulations and laws are likely to result in disparate treatment of 

hydrogen around the country, the federal agencies with some hand in the production or 

oversight of hydrogen include the Department of Energy (DOE), the Federal Energy 

Regulatory Commission (FERC), the Pipeline and Hazardous Materials Safety 

Administration (PHMSA), the Environmental Protection Agency (EPA), and the 

Occupational Health and Safety Administration (OSHA).36 

 

Depending on the size and scale, there may be environmental studies and regulatory 

compliance simply to build a production facility. Given the need for pressurized storage 

tanks and other industrial components, these will likely be closely regulated.  

 

To produce the clean power needed for green hydrogen, there are considerable regulatory 

hurdles (explored more fully in Electrification section below). Similar to water use, the 

arrival of a robust electrolysis sector represents new demand for power. That will have to 

be facilitated by new renewable infrastructure capacity yet to be installed. Whether those 

are wind farms, solar arrays, hydropower facilities, nuclear plants, or another low-carbon 

power source, their footprint and location will go a long way in determining the extent of 

permitting and regulatory compliance.  

 

Nuclear energy in general is known to have some of the most stringent and 

comprehensive regulations and security of any industry in the world. This means that 

everything is done safely and well researched but can also take longer and involve more 
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complicated regulations. While nuclear may receive heightened scrutiny, every energy 

project faces detailed review and approval processes. Even new wind and solar farms can 

take as long as a decade of environmental review in accordance with the National 

Environmental Policy Act (NEPA) and other laws.  

 

Once the hydrogen has been produced, if done centrally, it must be stored on-site or 

transported through a network of new transmission and distribution pipelines. From a 

permitting and regulatory perspective, this will entail substantial time and paperwork. For 

existing natural gas pipelines, the process entails:  

 
Planning for new capacity must begin far in advance of transporting the first barrel of 

oil, refined petroleum product, or first cubic foot of natural gas. Pipeline companies 

must determine possible routes for the new pipelines; acquire the right-of-way 

(ROW) to build, operate and maintain the pipelines; engineer the actual system 

designs; and construct the pipelines. Each of these steps are subject to rigorous 

regulatory reviews and approvals. Construction can only begin after the route 

selection receives regulatory approval, the ROW is obtained, and the system design 

is completed.37 

 

The “rigorous regulatory reviews and approvals” can sometimes entail redundant permits 

and approvals from local, state, and federal agencies and often involve environmental 

impact studies, public health analyses, and economic reviews. Primarily, the Federal 

Energy Regulatory Commission (FERC) would approve pipeline plans federally38 while 

once in operation, its safety would be regulated by the Pipeline and Hazardous Materials 

Safety Administration (PHMSA).39 Depending on the route, there may be additional 

environmental studies to complete for federal land or negotiations to settle with 

landowners.  

 

Timing Readiness 

While hydrogen production through electrolysis is taking place now, it is not scalable 

without considerable investment. Assuming industry is ready to receive the hydrogen, 

there are factors not yet in place restricting the mass production and distribution of this 

type of clean hydrogen. Those factors, discussed in part above, primarily include the 

renewable electricity generating capacity to meet increased clean power demand and the 

transportation network to move the hydrogen.  

 

Whether tied to the grid or directly powered, facilities producing hydrogen will need 

clean power. That power will have to be new – not taking it from the existing economy – 

and thus adding to the total energy produced/consumed each year in the United States. 

According to researchers, “annual production of a million tonnes of green hydrogen 

requires 10 gigawatts of electrolyzers, 20 gigawatts of renewable power generation, and 

$30 billion in investment (also known as the ‘1-10-20-30 rule’).”40 

 

Utility-scale wind and solar projects take an average of around four years, although 

extensive regulatory and permitting delays often push this toward a full decade. Nuclear 

power also takes around 10 years. If not produced on or near the site, this clean power 

will have to be tied to the grid with transmission lines. These can also take up to a decade 
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to be approved and built. Because the power source and transmission are not built by the 

same company, they may not be timed together. If completed consecutively, it could take 

as long as two decades, while if done concurrently, the required infrastructure could be in 

place within 10 years.  

 

A caveat to this timeline is that if new demand for power is met with hydrocarbons, the 

portion of renewables on the grid could be dedicated to hydrogen production. It is also 

the case that many wind, solar, and other renewable projects are already in the works and 

will increase annual U.S. renewable capacity over time. These factors are needed to 

produce the hydrogen, but another factor could forestall the readiness of the strategy as 

well: transportation.  

 

While electrolysis can be accomplished at varying scales, it is predominantly being 

pursued at centrally produced facilities in regional hydrogen hubs. This will require 

storage tanks – both on site and at customer locations – as well as transportation options 

like trucks and pipelines.  

 

As discussed in the regulatory factor above, reviews and approvals can take years. In 

some cases, even when a project has received all relevant permits, it can have them 

revoked or be subject to continual litigation. The Mountain Valley Pipeline was reported 

in 2017 as a 300-mile, $3.5 billion natural gas pipeline. After seven years, it was most 

recently reported at more than twice the cost of $6.6 billion; and it is still not in service.41 

While every pipeline project has its own particular facts, the average pipeline 

construction can also take seven to nine years.  

 

Logistical Feasibility 

Many of the challenges for widescale green hydrogen 

production have been articulated above, but certain 

aspects of those contain additional points of analysis. 

The renewable energy required relies substantially on 

supply chains and materials extending into other 

countries as well as fluctuating commodity prices. This 

creates uncertainty on multiple fronts, including 

availability of materials, costs, and shifting regulator or 

even foreign policy.  

 

The long-term viability of electrolysis relies upon the price of electricity. It is estimated 

that up to 200 GW of renewable energy sources would be needed by 2030 to support 

clean hydrogen production with water electrolysis.42  

 

The need or more power can be explained with reference to nuclear capacity rather than 

wind, solar, and other renewables. To match current hydrogen production of 10 million 

metric tons (MMT), half of the 95.5 GW produced at nuclear power plants in the U.S. 

would have to be used.43 In other words, half of all the nuclear reactors in the U.S. would 

be needed to match current hydrogen production using electrolysis. This is not to mention 

increased production needed for the future. New planned power is expected to grow the 

“This is because policy-
makers have clearly 
understood that no energy 
transition is possible without 
transmission.” 
[World Economic Forum] 
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pie and enable more electricity to be available for hydrogen production and other 

purposes.  

 

Other logistical concerns to transport hydrogen by pipeline include the potential to simply 

not have available land. The Summit Carbon Solutions pipeline in the northern plains 

presents a contemporary example of land acquisition challenges, most recently having 

siting and other permits rejected by state panels in both North and South Dakota.44 It may 

end up requiring eminent domain, costly rerouting, or special federal approvals. This will 

also increase costs and delay the timeline. On average, the “estimated 2021-22 $/mile 

costs for new onshore [pipeline] projects as filed by operators with FERC were $8.7 

million/mile.”45 The extraordinary cases that face additional landowner opposition, 

environmental activism, lawfare, and even supply chain disruptions may be far higher. 

For instance, at a reported $6.6 billion for 303 miles of pipeline, the Mountain Valley 

Pipeline is currently estimated at $22 million/mile.  

 

Building a new pipeline requires: route selection, regulatory process, design, pipe 

fabrication, site preparation, pipe stringing, trenching, bending, welding and weld 

inspections, field coating, lowering and backfilling, pressure testing, and site 

restoration.46 The U.S. pipeline network already includes nearly 3 million miles of 

infrastructure – which goes to establish that pipelines are a tried and true method of 

transport and we know how to build them. But in recent years, greater opposition has 

arisen for seemingly each and every pipeline. Lastly, while some of the existing pipeline 

may be able to facilitate hydrogen movement, it is likely to need its own dedicated 

infrastructure in the future.  

 

Power Potential 

Hydrogen has the energy density and thermal potential to compete with natural gas. Pure 

hydrogen burns at temperatures consistent with natural gas47,48 and with greater energy 

potential per unit than other traditional fuels.49 Hydrogen can be blended or burned alone 

and meet the needs of process heat across a range of temperatures, depending on the 

specifications on site.  

 

As of 2022, all renewables together provided 21.5 percent of utility-scale electricity. Nuclear 

power provided an additional 18.2 percent on its own. A surplus50 equivalent of 1.5 percent also 

came from small-scale or distributed photovoltaic solar, which could be the type to provide 

direct power rather than grid-tied power supporting certain hydrogen production facilities. 

Primarily, there must be growth in deployment of renewable technology that not only has a high 

capacity, but high electricity generation and storage.  

 

In sum, producing hydrogen from electrolysis is a highly prioritized pathway for decarbonization 

that comes with a number of contingent factors. Presently, the costs are too high to compete with 

hydrocarbons or even hydrogen produced with methane or coal because green hydrogen is 

selective to only utilize renewable power. With all of the relevant infrastructure in place, 

potentially one to two decades on, this type of hydrogen can be a core source of power for 

process heat and other applications with ultra-low lifecycle emissions.  
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Direct Heat Processes 
There are other ultra-low carbon methods of producing heat that can be used directly for process 

heat. Most electricity comes from generating heat (often through combustion) in order to produce 

steam that spins a turbine to generate electricity. But why build nuclear and geothermal plants 

just to turn that heat energy into electricity to send it through transmission infrastructure just to 

have it come back as electrified process heat? Instead of that inefficient process, we can use 

these sources directly. This may require scaling down certain infrastructure components and 

having on-site or near-site access for the heat needs.   

 

Direct Heat from Nuclear 

Nuclear fission is one of the most versatile energy production methods in existence. Not only 

does the atomic energy extraction process unleash vast amounts of heat, but it can operate with 

the same fuel for years with virtually uninterrupted capacity factor running day and night. Due to 

the considerable energy density within enriched uranium pellets assembled into fuel rods and 

placed into the reactor, there is more than enough potential energy to produce process heat, 

electricity, and even aid in desalination and other commercial and industrial tasks.51  

 

Cost 

While intensive to build and requiring rigorous engineering plans and regulatory 

approvals, nuclear delivers cost-competitive energy because of its high capacity factor 

and the multi-year life span of fuel rods used. Upfront costs and insurance are relevant for 

expanding nuclear and building new power plants, but the levelized cost per Btu or kWh 

is what is primarily relevant.  

 

With a horizontal, compact high temperature gas reactor, “a survey of low-carbon 

industrial process heat technology showed the HC-HTGR can deliver a highly 

competitive levelized cost of heat in the range of $6.13–12.48/GJ.”52 Other sources 

indicate that “With a cost of electricity of 5.82 cents per kWeh, the cost of heat would be 

equal to 7.15 $ per MWthh (0.715 cents per kWthh).”53 

 

With its long onramp and high startup costs, “nuclear power may be more expensive on 

an LCOE basis than either coal or natural gas but that there are plausible scenarios under 

which nuclear is competitive with, or outperforms both.”54 Moreover, nuclear is primarily 

used for electricity in the United States, which requires generating heat then using it to 

heat gas or water that spins a turbine. Using the heat directly for process heat, 

concurrently, or recycled after generating electricity may drive the cost down 

considerably or otherwise provide far higher value for the same cost.  

 

Environmental Impact 

As a carbon-free generating source, nuclear is on par with renewables while offering far 

higher capacity and stable access to heat and power. Nuclear power emits an average of 

65g CO2 per kWh for all stages of production (lifecycle), which mainly accounts for 

construction of power plants and acquiring, processing, and transporting the uranium 

used. This is slightly higher per kWh than than wind or solar, but a nuclear plant operates 

for twice as long as wind or solar infrastructure. Where decarbonization is concerned, 

utilizing nuclear is the most feasible way to ensure the same (or higher) heat and power at 
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far lower lifecycle emissions than hydrocarbons, which typically emit 600 to 1200g 

CO2/kWh.55  

 

It may seem counterintuitive to use nuclear heat for hydrocarbon applications, but it can 

increase efficiency and prevent CO2 emissions that will occur anyway due to demands to 

maintain the systems we already rely on. Using conventional processes, two tons of oil 

shale can be used to produce one ton of product with 2.5 tons of CO2 emissions, but with 

nuclear process heating and 12MWh of electricity, that same two tons of oil shale can be 

made into 2 tons of product and zero CO2 emissions.56 

 

 
Figure 3: Decarbonization Effect of Nuclear (Nuclear Engineering and Technology) 

 

Outside of carbon emissions, nuclear plants require mining for uranium and rely on 

energy-intensive supply chains. These can be disruptive to the environment, but due to its 

unique energy density and capacity factor, nuclear power has the smallest land use 

footprint of any energy source besides geothermal (including renewables and 

hydrocarbons).57 This minimal footprint means less disruption to plant and animal life, 

limits the need to clear land, and allows for other land uses nearby.  

 

A concern that arises with nuclear heat or power is radioactive waste. This is an issue that 

requires a policy solution. The engineering problem has been solved by storing the 

relatively small proportion of highly radioactive waste in concrete and steel canisters and 

held on site. As a policy matter, a centralized or federally designated disposal zone is 

needed. Nuclear waste is safe to handle and store and there are no deaths attributable to 

nuclear energy in United States over its entire history.  

 

Regulatory and Permitting Compliance 

The primary regulatory entity overseeing U.S. nuclear energy is the Nuclear Regulatory 

Commission (NRC), which reviews and issues licenses, oversees commercial nuclear 

materials, inspects nuclear facilities, and sets guidelines and safety codes. The NRC also 

oversees the decommissioning of reactors, tightly regulating the process from cradle to 

grave. 

 

As a highly regulated industry, one could view nuclear as too rigidly policed. It can be 

the case that regulatory oversight leads to cost overruns, reengineering with higher 

standards, and project delays. But it is also possible that too little or unclear regulation is 

in part to blame. As the National Academies explains in a recent report: 
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The NRC requires compliance with detailed regulations that are tailored to light 

water reactors (LWRs). The existing regulatory requirements may be inappropriate 

or inapplicable to non-LWR designs and some of the advanced designs present new 

regulatory issues.58  

 

There is also the possibility that after receiving a construction permit and before or during 

the application for an operating license, that a challenge arises to the design requiring 

both appeals and the potential for retrofitting the reactor well after construction began.  

 

Internationally, advocates for nuclear point to three sources of regulatory slowdowns 

holding back nuclear power as: an unlevel playing field among energy resources, an 

unpredictable and inconsistent licensing regime, and an ineffective safety paradigm.59 

Policies that unfairly advantage competing low-carbon strategies or disadvantage nuclear 

for its perceived safety risks and waste are not themselves regulatory barriers, but are 

policy-generated inefficiencies. Some contend that regulators overvalue safety relative to 

economic efficiency, not that safety is not critical, but that too many redundancies and 

over-protections hamstring the viability and growth of the industry.  

 

Most of these regulatory considerations involve building new reactors in general or for 

electricity in particular. As it pertains specifically to process heat, there may be public 

policy changes that need to be written. Several places in the world already use nuclear 

reactors for district heating, oil production, and industrial heating. However, it is so far 

untested on a commercial scale in the U.S.60 A regulating scheme for nuclear process heat 

has not yet been established. Locating a high-temperature gas-cooled reactor (HTGR) 

close to the industrial process will require special licensing and engineering 

considerations.61 

 

Timing Readiness 

The United States currently has 93 commercial nuclear reactors at 54 nuclear power 

plants. The most recent began operating this summer (2023), but took 10 years to open 

after construction started. The previous new reactor to enter operation was put into 

service in 2016, while its construction inception extends all the way back to 1973.  

 

Nuclear reactors and power plants are more strictly regulated than other power generating 

infrastructure. Most nuclear power plants take around eight years to plan and build in the 

U.S., though around one-third take longer.62 Despite no full meltdowns and zero deaths in 

U.S. nuclear history, it is not uncommon for nuclear projects to overrun both their 

proposed budget and timeline by as much as 100 percent each as regulators raise 

standards, insurers reassess risk, and activists challenge the project.  

 

With a decade or more to wait for new reactors to come online, new nuclear power would 

ordinarily be dependent on electrical transmission lines to carry the power onto the grid 

to end users. For direct heat applications, this is avoided, but the reactor must be in 

proximity to the place process heat is needed. Traditional nuclear reactors are large-scale 

and high-capacity technologies designed for the grid. Process heat may be best served 

with small modular reactors, which can be deployed to industrial centers where heat is 

needed rather than require heat transfer that may depend on new infrastructure.  
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Small modular reactors (SMR) are expected to be on the market by 2030 at varying 

scales and capacities. This may push the timeline on precision nuclear process heat by 10 

years, and more if additional regulatory scrutiny is required.  

 

Because nuclear has historically been used almost exclusively for electricity, there may 

also be some readiness challenges on the industry side. Fortunately, many process heating 

applications are already adapted for a transition or opening for nuclear. District heating, 

seawater desalination, oil sands, chemical production, and soda ash production all require 

a “low level of engineering” to implement. Aluminum production, pulp and paper 

production, oil refining, ammonia production, and hydrogen production require “middle 

level of engineering” effort.63 

 

Logistical Feasibility 

Nuclear experts express that there are “myriad technical, regulatory, economic and 

societal hurdles must be overcome”64 to expand nuclear in the United States and meet 

decarbonization goals. The aging fleet of nuclear reactors means that we will need to 

develop and deploy far more nuclear assets in the near future to replace and grow the 

nation’s nuclear portfolio.  

 

Meeting future energy demand and decarbonization goals (including hydrogen 

production, direct heat, and electrification) will require advanced nuclear and small 

modular reactors in addition to traditional light water reactors and others. The timeline 

for any new nuclear project is around a decade, and with the prospect of 

decommissioning older reactors in the coming years, this presents a considerable 

challenge to power readiness.  

 

The U.S. imports approximately 88 percent of its uranium. Even with stable foreign 

relations, this presents a supply chain risk for needed materials that could be disrupted by 

inflation, energy crises, war, a pandemic, or other forces. The steady supply to date is not 

a guarantee for the future, so policymakers should ensure the long-term viability of 

access to uranium. 

 

To build new plants require extensive and often evolving regulatory compliance and 

licensing. The lack of clarity, especially around new and emerging technologies, may 

lead to feasibility challenges and delays. This will drive up cost, which could also 

discourage insurers and investors, which could have a compounding effect.  

 

Fortunately, using nuclear energy for direct process heating applications avoids the need 

to build new transmission infrastructure. It does require proximity to the industrial sector 

utilizing the heat, either with short, insulated pipes or by placing a new reactor on-site. 

These likely come with many unforeseen regulatory challenges and technical issues.  

 

When it comes to the feasibility of using the nuclear heat, different types of nuclear 

reactors produce different amounts of heat, and therefore can be used for different heat 

processes. Pressurized water reactors, boiling water reactors, pressurized heavy water 

reactors, and light water reactors are all capable of heating water up to 300 degrees 
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Celsius (572°F), whereas other reactors such as the high-temperature, gas-cooled, 

graphite-moderated reactor (HTGR) can handle temperatures of up to 950 degrees 

Celsius (1,742°F).65 Most heating processes could feasibly use nuclear heating, but the 

hottest processes such as glass and cement manufacturing require temperatures even 

higher (as high as 2,500 to 3,000°F).66  

 

Even advanced HTGR nuclear reactors will be limited in the heat they can produce. The 

maximum tested reactors can only generate process heat temperatures of around 950 

degrees Celsius (1,742°F). Some processes like forges and cement production will never 

be able to use exclusively nuclear energy for heating. For temperatures over 1,000 

degrees Celsius (1,832°F), electrical resistance heating, hydrogen, and biofuel are better 

low-carbon alternatives.67   

 

Power Potential 

Nuclear power is capable of generating immense amounts of energy. Before it produces 

electricity, this energy exists in the form of clean heat. Nuclear reactors can reach 

temperatures of 1,700°F and higher. Whether utilizing gas or liquid, this heat can be 

transferred and used in a wide range of process heating and industrial applications. It may 

even be useful to use nuclear to preheat gas or water for other processes, simply by 

running it through or near nuclear operations.  

 

Nuclear power is responsible for generating 18.2 percent of utility-scale electricity in the United 

States. Globally, nuclear provides a higher share of some country’s mixes – as much as 63 

percent of the energy mix in France – but the U.S. generates more than twice as much power as 

the next country. The 772 billion kWh of energy domestically is used for electricity; however, 

electricity is only one use of nuclear power. Heat from nuclear fission can also be used for 

“seawater desalination, hydrogen production, district heating and process heating for industry 

(glass and cement manufacturing, metal production), refining and synthesis gas production.”68 

 

In sum, nuclear offers substantial potential for decarbonization because it is a carbon-free power 

source with low lifecycle emissions. Nuclear is positioned to generate direct process heat for a 

wide array of industrial and commercial purposes as well as clean electricity to electrify the 

process heat sector or produce hydrogen. With greater reliance on nuclear, and the promise of 

small modular reactors, the ability to expand the economy without increasing emissions is 

achievable. The challenges inherent to nuclear are primarily policy and political/cultural, not 

engineering or technical challenges. Despite safe operation and safe waste disposal, the public 

and policymakers are hesitant towards nuclear technology. Other policy challenges are the long 

and costly permitting and approval process. Finally, with more nuclear power comes the need for 

more transmission lines, water use, and pipe to transfer heat, which will themselves face cost, 

regulatory, and logistical challenges to address.  
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Direct Heat from Geothermal 

Natural heat from the earth is available to extract and has been 

utilized for small heat applications and electricity generation for 

decades. Use of geothermal for direct process heat may help 

expand decarbonization goals either by displacing the need for 

greater hydrocarbon use or supporting complementary 

renewable deployments to meet demand in this industrial sector.  

 

Cost 

Because heat from geothermal is used in heat pumps, but 

not necessarily at scale for industrial processes, there is 

little comprehensive data on cost. While electricity from 

geothermal power plants has an average levelized cost of 

$0.07/kWh globally, the cost in the U.S. is likely slightly 

higher. This cost includes utilizing a working fluid to 

spin a turbine to generate electricity. In theory, the heat 

itself has a lower cost per Btu or kWh equivalent.  

 

Another aspect of the cost of geothermal heat is the equipment and capital investment 

needed to harness it. A heat pump used in residential or commercial application has an 

average cost around $12,000 but can extend beyond $30,000. These are relatively small 

scale appliances, with geothermal plants requiring multi-million dollar investments.  

 

For residential and commercial space heating applications, heat pumps have a 

significantly larger capital cost than electric baseboard and natural gas. A geothermal 

heat pump may cost as much as six times more than mid-efficiency natural gas furnaces. 

However, the heat pump has an average annual heating cost far lower than natural gas or 

electric.69  

 

The process does not require fuel but utilizes drilling to access heat lower in the earth. 

This heavy equipment can have high capital costs comparable to certain drilling capital in 

the oil and gas sector.  

 

Finally, geothermal heat can be considered from a cost savings perspective when used to 

preheat liquid or gas that will require other fuel-based or electric heat application. The 

heat still has a cost, and unless it can be used concurrently, would prevent the generation 

of electricity.  

 

Environmental Impact 

There are no emissions associated with geothermal energy. Still, there are lifecycle 

emissions associated with construction, operation, and transportation from the facilities. 

These range from 11 g CO2eq/kWh to as high as 47 g CO2eq/kWh, but these are 

dependent on the type of technology employed.70 The median rate is 37g CO2eq/kWh, 

putting it roughly between the carbon intensity on a lifecycle basis of concentrated solar 

power and photovoltaic solar power.71  

 

“Commonly, geothermal, 
biomass and solar sources of 
heat can be used for air 
heating or water heating…. 
Industrial processes have 
different requirements for 
industries and products…more 
than half of the industrial 
heating requirements can be 
accommodated to by heat 
levels less than 750°F.” 
[Processing Magazine] 
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Geothermal energy requires the least land footprint of any energy source. While they are 

not high producing, they still use less land per MW than the others, including as small as 

one-fifth of a nuclear footprint. This is partially attributed to having no fuel or equipment 

to generate heat, with drilling used to access the planets own internal heat. The small 

footprint also minimizes environmental disruptions, leading industry experts to remark on 

the abundance of wildlife right outside the facilities.72  

 

A unique feature of geothermal is that its waste product potentially results in inadvertent 

extraction of valuable minerals. During the drilling process, sludges often contain zinc, 

silica, sulfur, and lithium.73 These can be extracted from the mud and sold to generate 

revenue, offset costs, and provide supply for critical industries.  

 

Considering geothermal as a method of process heat rather than electricity may decrease 

the need for new transmission infrastructure. However, not every location is well suited 

for geothermal energy extraction, narrowing the eligible locations that must also be in 

close proximity to where process heat is needed. This may mean disrupting the local 

environment near a manufacturing center or could potentially cause seismic disruptions 

from the input and extraction of water, steam, and heat.  

 

Regulatory and Permitting Compliance 

As with all major infrastructure projects, there are regulatory barriers to overcome. With 

90 percent of geothermal projects taking place on federal lands, this comes with 

additional scrutiny and more parties to engage with.  

 

Leases and permits must be acquired from the Bureau of Land Management like drilling 

for oil and gas. However, unlike exploration and production for hydrocarbons, which was 

streamlined by Section 390 of the Energy Policy Act of 2005, geothermal energy projects 

and accompanying drilling must contend with the full bureaucracy.74 Despite being 

carbon-free and generating efficient electricity with very few negative externalities, it has 

been described as facing “regulatory barriers more stringent than for oil and gas.”75  

 

This means conducting all required environmental assessments and stakeholder 

engagements prescribed in NEPA and awaiting government approvals in the meantime. 

The average geothermal project is estimated to be subjected to six 10-month NEPA 

environmental reviews during before receiving final approval.76 

 

Timing Readiness 

Not every location is suited for geothermal energy extraction. Geologists survey to 

identify potential sites, which can take months or years. The primary timing issue is 

federal environmental regulation, and NEPA in particular. The average geothermal 

project takes eight years to complete this process before generating power.77 

 

Because most geothermal activity takes place on federal lands, projects must work with 

the Bureau of Land Management and comply with numerous federal regulations. This 

long regulatory process means no new power or heat from geothermal for nearly a 
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decade, and with the relatively small amount already in service, it is not enough to make 

an impact in decarbonizing without an uptick.  

 

Moving away from the industrial-scale approach, geothermal technology is already well 

developed for building heat pumps and low temperature heating and cooling technology. 

Additionally, the deployment of heat pumps is increasing at a rapid pace in developed 

economies.78 This distributed approach may end up making a larger decarbonization 

impact than higher capacity and centrally located geothermal projects. However, it may 

limit the use for heavy industry applications until innovation breakthroughs and public 

policy reforms occur.  

 

Logistical Feasibility 

Expansion of geothermal energy is a challenge. Despite being a low-carbon energy 

source that emits no CO2 during power generation, it is such a small proportion of the 

energy mix that is remains small in the public awareness. This leads to a lack of 

investment as well as little public policy attention to streamline the process or incentivize 

expansion.  

 

When geothermal is pursued, it faces multiple challenges,  

 
Exploring, discovering, developing, and managing geothermal resources is inherently 

complex and can have greater risks and upfront costs than other renewable energy 

technologies. Geothermal can also face barriers in land access, permitting, and 

project financing. In addition, all geothermal resources share a key non-technical 

barrier: lack of awareness and acceptance.79 

 

An additional challenge is often proximity to transmission infrastructure. Every new 

energy project must be located on-site with its end user or connected to some 

transmission infrastructure and the wider grid. For geothermal, it is often difficult to 

identify areas well-suited for geothermal energy, that are available and appropriate land 

use, and that are near such infrastructure. However, for direct heat purposes, this may be 

avoided if the heat uses can be accomplished near the site. Avoiding the need for 

transmission infrastructure also avoids potential years and millions in regulatory 

compliance and environmental studies to build out the power lines.   

 

As a potential solution for process heat, another challenge and opportunity is the small 

market share. Currently, commercial and residential heat pumps constitute the vast 

majority of utilization of geothermal heating, and even heating of baths and swimming 

pools represents over 10 times more heat than industrial uses. Industrial uses accounts for 

just 0.87 percent of the worldwide capacity for geothermal.80  

 

Where geothermal heat is used for industrial processes, it provides for milk 

pasteurization, bottling of water and carbonated drinks, pulp and paper processing, 

chemical extraction, iodine and salt extraction, leather industry, and boric acid 

production.81 Yet many of these take place globally and not domestically. There may be 

industry-side recalibration and investment needed before direct process heat from 

geothermal is more widely utilized in the United States.  
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Space heating, however is a commercial and industrial application geothermal is already 

well-suited for. The town manager of Lakeview, Oregon, estimated that recently installed 

geothermal district heating for local schools and hospitals could save the school district 

$150,000-$200,000 per year on heating costs.82 

 

Power Potential 

Geothermal heat pumps already represent 90 percent of building space heating in Iceland, 

and the United States has seven percent annual growth of heat pumps.83 Heat pumps 

appear to be best used for space heating with a relatively low steady temperature. 

Greenhouse heating, agricultural crop drying, and aquaculture pond heating are also 

effective ways to utilize geothermal energy, but industrial applications of geothermal are 

nascent. Space heating in the industrial and commercial setting may be the most 

promising.  

 

There is compelling potential to utilize direct heat from geothermal for more process heat 

applications, including heavy industry. With decarbonization as the goal, one way to 

diminish the level of hydrocarbons used is to lower the temperature differential they are 

needed to fill. In other words, by preheating water or gas through geothermal – even to 

relatively lower “high temperatures” <300 degrees°F – it is possible to lower the carbon 

intensity of industry even without replacing hydrocarbons.  

 

Geothermal has great power potential due to the natural heat within the earth, but the 

power potential varies by depth, which may also implicate feasibility.84  

 

 
Figure 4: Temperatures and Technologies for Select Process Heat Applications (U.S. EPA) 

 

Geothermal is a small portion of the energy sector but has great potential. While representing 

only 0.4 percent of utility-scale electricity in the United States, geothermal is widely relied upon 

for heat pumps around the country. As a renewable energy source, it can generate heat and 

electricity without emitting carbon dioxide but has some regional constraints.  
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In sum, utilizing geothermal energy directly for process heat may be a key component in a 

decarbonization mix. At current technology levels, geothermal heat may be best applied for 

preheating or liquids or gases used in heavy industry or for lower heat needed to cure or dry 

products. Geothermal is unlikely to take a leading role in process heat, but can aid in 

decarbonizing by displacing some marginal amount of hydrocarbon use or by lowering the 

demand for other renewables. The infrastructure needed to facilitate this solution is unclear, but 

may require new pipelines, although it is also possible that geothermal facilities may need to be 

built/drilled near to industrial centers if geologic conditions allow.  

 

 

Direct heat from concentrated solar.  

While this is a proven technique for generating heat, it has primarily been utilized for electricity 

generation, although it has only provided 0.1 percent of utility-scale electricity to the grid (3 

billion kWh) in 2022. The technique has both limitations and promise in process heat 

applications.85 Depending on the technology and fluids used, concentrated solar power can 

provide sustained heat at temperatures sufficient for virtually all process heat applications.86 

While research and analysis shows promise, more work is yet to be done to lower costs, improve 

designs, and present a feasible model for utilizing concentrated solar power at scale for process 

heat applications.87 

 

 

Electrification 
Renewables can provide heat in two ways, first by electrifying the heat sector. That would mean 

generating so much electricity that this power can be supercharged into forges and related 

equipment – not totally dissimilar to electric stove tops, water heaters, or ovens. At an industrial 

scale, the temperatures must be higher and reliability must be ensured. Renewables can also use 

their electricity in a second way, to facilitate the production of other energy resources, such as 

green hydrogen.  

 

Electricity from geothermal, hydropower, nuclear, solar, and wind 

This set of renewable technology and ultra-low carbon power sources harness natural and 

renewable forces to generate electricity. Even within this set are a diversity of technical 

approaches. For instance, geothermal, hydropower, nuclear, and wind all spin a turbine to 

generate power, while solar converts solar radiation into electricity directly.  

 

Cost 

Many factors go into the cost of a given energy resource, including the scale of 

production. Renewables have proven to be cost effective and competitive in certain 

markets. Hydrocarbons have a distinct advantage today in that they are commodity based, 

so generating energy is a function of transporting more fuel to power plants. By contrast, 

most renewables are technology based and collect or harness natural energy, but these 

require infrastructure investments and buildouts to do so (whereas the hydrocarbon 

economy already has robust supply chains, transportation networks, and infrastructure to 

continue supporting use of coal, oil, and natural gas). This will require considerable 

upfront investment to generate new energy through yet to be built renewable projects.  
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In rough order from least cost-effective to most, the average (global) levelized cost of 

electricity are: onshore wind ($0.03/kWh), hydropower ($0.05/kWh), photovoltaic solar 

($0.05/kWh), geothermal ($0.07/kWh), offshore wind ($0.08/kWh), and concentrated 

solar power ($0.11/kWh).88 In some cases, the price is higher by around one to four 

cents89 per kWh in the U.S. due to environmental regulations, labor costs, and other 

factors. For comparison, the average levelized cost of natural gas is approximately 

$0.05/kWh.  

 

Some of those prices are expected to fall based on new projects and innovation.90 In 

addition, the advent of new small modular reactors may play a key role in expanding 

availability and cost-effectiveness of nuclear. These levelized costs can also be 

influenced by tax credits and other incentives or subsidies. The low cost of natural gas in 

the U.S. is the main barrier for much of the technology being adopted. It is simply more 

economical for companies to use natural gas. This also gives an advantage to 

decarbonization projects that leverage existing infrastructure rather than buildout new 

infrastructure. 

 

Along the lines of infrastructure buildouts, a considerable mileage of new transmission 

lines will be needed in order to effectively decarbonize. Policymakers should consider 

these costs as well, which may not be captured when looking solely at the price point of 

proposed renewable energy. Likewise, more efficient power transmission may lower 

prices. 

 
Total transmission capacity (which is a mix of AC and HVDC depending on 

scenario) in 2035 is 1.3–2.9 times current capacity. Beyond already planned 

additions, these total transmission builds would require 1,400– 10,100 miles of new 

high-capacity lines per year, assuming new construction began in 2026.91 

 

The capital cost of a new 500kV transmission line was found to be $3.898M/mile by one 

recent study.92,93 Longer and more rigorous regulatory and permitting compliance can 

increase this as well.  

 

Environmental Impact 

Each type of renewable or low-carbon power source has its own environmental footprint. 

From lifecycle emissions to land use to waste disposal, none is without a mark on the 

environment.  

 

Discussed elsewhere in this paper, renewables rely on mining. To build out an electrified 

economy – or even simply an electrified process heat sector – will take a significant 

increase in mining and processing of raw materials, transportation across international 

supply chains, and ultimately manufacturing and construction to install the infrastructure. 

Lifecycle emissions captures the greenhouse gas impact from these sources, including 

their development and retirement.  

 

In rough order from least carbon-intensive to most, the median lifecycle emissions are: 

nuclear (13g CO2e/kWh), wind, (13g CO2e/kWh), hydropower (21g CO2e/kWh), 

concentrated solar power (28 g CO2e/kWh), geothermal (37 g CO2e/kWh), and 
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photovoltaic solar power (43 g CO2e/kWh).94 For comparison, natural gas has a median 

lifecycle emission rate of 486g CO2e/kWh without any carbon capture technology, and 

that is by far the lowest emission rate among hydrocarbons.  

 

While that metric captures emissions, many other environmental impacts accrue 

alongside each step in the process. Mining can cause local ecological disruptions and 

disturb groundwater, there are public health effects due to safety and respiratory risks that 

go along with mining.  

 

Part of the regulatory process discussed below is to evaluate the totality of the impact to 

the environment from start to installation of an infrastructure project. This includes 

determining the effect on the ecosystem, water resources, wildlife, and more. Some of the 

relevant impacts include: large land footprint taking up land and precluding any 

alternative use, high water usage, leaching chemicals or other substances into the ground, 

generating industrial waste that is difficult to recycle, disturbing wildlife habitat, 

increasing risk to animal safety, and disrupting migration patterns or animal behavior. 

While no single renewable infrastructure has each of these challenges, these exist across 

them all.  

 

In particular, wind and solar may require extensive acreage, which may require 

deforestation of a specific site. Nuclear currently requires considerable water resources 

and results in radioactive waste with no national strategy to store permanently. 

Hydropower and offshore wind can disrupt aquatic life. Geothermal drilling could be 

linked to small-scale seismic activity. Many of these same concerns are also relevant to 

power storage and to transmission infrastructure, which may mean compounding certain 

negative impacts by installing new renewable infrastructure, storage, and transmission 

lines in a specific region.  

 

These technologies and infrastructure also come with positive environmental impacts, 

like displacing or preventing new emissions. This is linked to the greenhouse effect, but 

also to public health and respiratory health when accounting for particulate matter and 

other emissions. They also produce power more directly and do not require fuel or 

commodities to run (except for nuclear). This lessens the risk of leaks or spills of 

hazardous material like oil and gas, while also limiting the vehicle and transportation 

emissions to bring energy resources to consumers.  

 

Regulatory and Permitting Compliance 

There are a great number of permitting hurdles for nuclear, wind, solar, and hydropower 

in themselves. Added permitting and regulatory issues arises when factoring in the need 

to build new transmission infrastructure to facilitate them. Among the compliance 

regimes are NEPA, as well as directives and rules from local, state, federal, and tribal 

authorities, which may factor in both private and public perspectives.  

 

Further up the supply chain are the raw materials needed even to build the renewable 

infrastructure in question. This includes mining for minerals and metals needed to wind 
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technology, solar panels, batteries, and more. While this is partially a supply chain risk to 

be factored into logistical feasibility, there are regulatory barriers that implicate it: 
 

A new report from the Biden administration recommends overhauling an 1872 

mining law. The report calls on Congress to update the General Mining Act of 1872, 

asks federal agencies to streamline regulations between departments and suggests 

mining companies need to meet with the federal government before filing for permits 

in order to speed up mining projects that are essential for the country’s transition to 

cleaner energy.95 

 

Two recent infrastructure projects illustrate the regulatory requirements to see new 

energy infrastructure approved and built. These each took many years to receive 

approval, due to back and forth with landowners, multiple levels of government, and 

rigorous requirements in regulation relating to the extent of environmental and economic 

studies.  

 

The Gemini Solar Project in Nevada was initially proposed in 2008 by BrightSource 

Energy but certain application paperwork was not completed.96 By 2017, the project was 

acquired by Solar Partners XI, which cut the acreage and generating capacity in half and 

submitted the full paperwork. The eventual approval took another two years and was only 

possible because of the Fixing America’s Surface Transportation Act (FAST Act or 

FAST-41 after Title 41). Three years of construction brings the project to completion this 

year, 15 years after its ideation and six years after filing through an expedited permitting 

process.  

 

In another instance, an offshore wind farm required 12 years of behind the scenes 

permitting and compliance before construction began.97 The South Fork Wind project 

finally started construction in 2022, but the 12 preceding years were all used to gear up 

for it. From deconflicting ocean uses to assessing how a wind farm would affect local 

commerce and the environment, the governors of Rhode Island and Massachusetts 

collaborated to set the stage for this project. This illustrates how many overlapping and 

intersecting issues may appear that threaten the feasibility of a project or result in 

substantial delays or reworking of the plan.  

 

Timing Readiness 

Many renewable energy technologies have been producing power for decades. However, 

even today they are a small proportion of total energy. Taken together, renewables make 

up approximately the same share of the U.S. electricity mix as coal. To switch all process 

heat to electricity now would require that demand increase by an equivalent amount – far 

out pacing the capacity of renewables and hydrocarbons combined with our current 

power production and electrical grid capabilities. This solution would be two decades 

away at a bare minimum – and even then each solution would have its own timeline 

issues, compounded by the growth in the grid itself. Even if these took place 

concurrently, it is likely 20 years away.  

 

Compliance with NEPA takes an average of around 6 years. Project delays, cost 

overruns, and activism can add years even past that point. Add to this that the generating 
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infrastructure itself must be connected to new transmission infrastructure – with its own 

NEPA compliance – and the process can easily extend past a decade, even when elements 

are pursued concurrently.  

 

In the case of one transmission line in recent years, the NEPA process alone took 15 

years.98 All that time, renewable power could not be transmitted from the point of origin 

to the destination by via that route. The SunZia Southwest Transmission Project did not 

start construction until September 2023, yet its first applications were submitted exactly 

15 years before, in September 2008. The route was scrutinized for its potential to obstruct 

military test flights, leading to engagement by the Department of Defense, Department of 

the Interior, the Bureau of Land Management, and others. This process demonstrates that 

new infrastructure can be incredibly difficult to build and involve long timelines. These 

ultimately delay the connection of renewable electricity to end users and inhibit growth.  

 

After 15 full years, there must still be a construction phase, delaying the transmission of 

power even further. While this is a unique set of circumstances, the state of permitting for 

large infrastructure can truly be a decades-long process. The same timing for regulatory 

approvals, land acquisition, and readiness for construction apply to both power 

generation and transmission, making concurrent expansion the only way to shorten the 

timeline.  

 

When it comes to the equipment needed on the industrial end, dozens of electrification 

processes are in development or already commercialized across process heating, but 

industrial-scale and economy-wide electrification is many years of development out. 

There have been significant developments in electrification of cement kilns and the pulp 

and paper process, but more time is needed.99 Ultimately, the timing readiness to electrify 

the process heat sector is less dependent on industry-side factors and more on the national 

regulatory process and state of infrastructure.   

 

Logistical Feasibility 

The deployment and expansion of renewable technology and nuclear alongside a more 

robust energy grid with new transmission lines is feasible. The logistics of doing so with 

the goal of decarbonization presents challenges due to the inherent material- and energy-

intensity of each of those goals, and the current regulatory environment and international 

supply chains makes doing so quickly virtually impossible.  

 

The most relevant factors have been discussed above and they include access to raw 

materials and mining, supply chain risk and price fluctuation, the scale of generating 

capacity needed to ramp up, and new infrastructure needed to facilitate the transmission 

of power.  

 

Raw material access may be partially resolved through domestic mining, reforms for 

which may be on the horizon. However, the quantity of rare earth metals and other 

precious resources needed to satisfy domestic and global demand for renewable 

technologies, industrial scale batteries, and electric vehicles is not realistic. To meet all of 

these complementary (but competing for resources) goals would require more mining 
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than global supply can satisfy. In some cases, there may simply be more demand than can 

be met.  

 
Global demand for neodymium is expected to grow 48 percent by 2050, exceeding 

the projected supply by 250 percent by 2030. The need for praseodymium could 

exceed supply by 175 percent. Terbium demand is also expected to exceed supply. 

And to meet the anticipated demand by 2035 for graphite, lithium, nickel, and 

cobalt, one analysis projected that 384 new mines would be needed.100 

 

One solution is innovation to build systems less reliant on these particular minerals and 

metals. Another solution is more robust and efficient material recycling. In either case, 

there are legitimate feasibility challenges to overcome making simply the material 

acquisition a potentially decades-long project.  

 

With materials on hand, there are inherent challenges to regulatory approval before 

construction can begin. Among these are land acquisition and engagement with local and 

state communities and authorities. Some solar experts have even explained that while 

land acquisition for utility-scale solar is a challenge, it is a greater challenge to receive 

permitting.101 Another land-related challenge is location. Hydropower and geothermal are 

regionally constrained sources of energy, narrowing the potential locations to implement 

them and also increasing the likelihood of a land use or environmental challenge. These 

geographic limitations exist for wind and solar to a lesser degree.  

 

All of the logistical factors have been overcome by those renewable plants and farms 

already in place. It is proven that renewables can be built and expanded, but the scale of 

expansion is a challenge.  

 

Transitioning to electrification of process heating would require magnitudes more 

electricity. In 2018, process heating used 7,576 trillion BTUs of energy, only 297 TBtu of 

which came directly from electricity (3.9 percent).102 To replace all of the remaining fuel 

and steam powered energy with electricity would require over 2,000 TWh, about half the 

total U.S. electricity production (of which only 21 percent is currently supplied by 

renewables103). Obviously, it is impractical to replace all processes with 

electrotechnology, but electrification will still require a massive increase in affordable, 

renewable energy. To facilitate this electrification with renewables would require a 

threefold increase in renewable output – over a 200 percent increase from what 

renewables currently produce. In other words, tripling the existing level of renewables 

across the entire country.  
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Along with the need to expand capacity and output from the low-

carbon and renewable sector come accompanying challenges like 

the need for supporting infrastructure. It is projected that the U.S. 

needs to expand its electrical grid by as much as 60 percent, 

adding 400,000 miles or more of new transmission lines over the 

next decade. These are needed to bring the power from potentially 

remote, rural, or offshore power sources to the grid and to 

commercial and industrial sectors. These projects too must be 

reviewed through each of the six factors assessed here, including 

land use, cost, and regulatory approvals.  

 

A transmission project started in 2015 took over 8 years to see its 

application approved due largely to compliance with NEPA and 

coordinating logistics, even though it was a FAST-41 project.104 

The Ten West link project also plans to connect renewable power 

to end users, but throughout the permitting process, had to conduct repeated analysis of 

stakeholder concerns and regional community perspectives. Construction began this year, 

so power is not yet flowing. 

 

The unforeseen risks that can arise may best be demonstrated with the Vineyard Offshore 

Wind farm.105 Evaluations began in 2009, over 14 years ago. It was not until 2017 that 

the site sale and assessment was completed. In the ensuing six years, there have been 

issues with environmental studies and permits. Most recently, activist lawsuits have 

halted construction of the offshore power generating infrastructure.  

 

The main issue with logistical feasibility is permitting and the extent of supporting 

infrastructure needed to support the electrification of the process heat sector. Not only do 

electric components need to be installed – in some cases completely overhauling a 

process heat facility – but the power has to come from somewhere. That new renewable 

power would require land acquisition, permitting, environmental studies, and a host of 

other compliance hurdles.  

 

As a final consideration, while considering the expansion of renewable power generation, 

policymakers cannot forget the need to maintain and replace existing generation when it 

ends its useful life. The relatively shorter lifespan of renewable technology106 against 

hydrocarbon facilities, nuclear, and hydropower present a challenge of maintaining the 

stock of energy infrastructure while simultaneously expanding it.  

 

“…new renewable energy 
capacities that are coming up 
across the world will serve 
little purpose without the 
power transmission grids to 
connect the green energy 
produced in renewable rich 
areas to the renewable deficit 
corners of the country.” 
[World Economic Forum] 
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Figure 5: Energy Infrastructure Lifespan (International Energy Agency, Nuclear Energy Agency) 

 

The question is not whether the logistics can be managed, and the deployment of 

renewables is feasible, but whether more than doubling renewable generating capacity 

and nuclear power as well as transmission infrastructure to meet political goals on a 

compressed timeline is feasible. Because of how many contingent factors exist, the 

answer – unless or until changes are made to regulation and supply chain access – is that 

the largescale increase in renewables must take place at a deliberate pace over decades, 

not immediately. These are dictated by current realities and tradeoffs, not preference.  

 

Power Potential 

In many cases, electrical heating systems are more energy efficient than fuel-based 

ones.107 Electricity can provide high and sustained temperatures so long as it is 

continuously supplied by reliable generation. It is already used for fluid heating, drying, 

metal heat treating, smelting, metal melting, non-metal melting, and cutting and forming, 

along with other applications.108  

 

The only way electrification of process heating can be effective at decarbonization is if 

the energy it's using is coming from clean sources. This will mean not only a massive 

increase in electricity production, but also that the electricity must come from low-CO2 

emission sources, namely solar, wind, and nuclear. Because wind and solar can be 

intermittent, there needs to be constant baseload and dispatchable power to electrify 

process heat. If storage can solve this, it may add another component in need of running 

all six factors again to analyze it.  

 

Electrification has already been used substantially in industrial and commercial uses, including 

process heat. To date, much of that electricity is ultimately derived from hydrocarbons on the 

grid. To pursue decarbonization through electrification requires both that the power come from 

renewables or low-carbon sources like hydrogen and nuclear, but also that this power be scaled 

up considerably to replace existing process heat from hydrocarbons.  

 

In sum, electrification of process heat is the ultimate goal for many seeking to decarbonize the 

entire economy. Because it has received so much attention and has so many advocates, there is 

great need to assess the entire scale and scope of the task. While renewables can be scaled up, 

they will require considerable increases in raw materials and mining as well as supporting 
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infrastructure to connect them to industrial facilities. Permitting reform is needed to streamline 

the timing (and implicitly the cost) of such an infrastructure buildout, not only for the generating 

capacity but for transmission lines and grid improvements.  

 

 

Beginning the Transition 
While this paper has explored decarbonizing for commercial and industrial process heat, this 

framework is also applicable to decarbonizing the electricity sector as well as transportation. It 

can be employed for other large-scale infrastructure projects as well. Public policy changes – 

including subsidies and penalties – must account for more than a simple cost-benefit analysis or 

cursory view of the impacts.  

 

Ultimately, there must be comprehensive and cumulative cost-benefit analyses that not only 

evaluate a given strategy (e.g., new capacity from energy/heat installation) but also the new 

infrastructure needed to facilitate it (e.g., transmission lines, pipelines, storage) and the time, 

permitting, and net impact of that sub-project. Without these factors accounted for, there will be 

inefficiencies at best and outright harm at worst looming for individuals, communities, 

businesses, and the wider economy and nation.  

 

In depth cost-benefit analyses and environmental studies within the current scheme already 

account for many of the factors presented here. But one party is often only responsible for one 

element – the builder for a solar farm is not often the builder for the transmission lines, the 

hydrogen producer is not the pipeline builder or operator. As a framework for understanding the 

cumulative impact, this approach gives policymakers the wider perspective to see that 

subsidizing or approving one project may necessitate approving another – or that potential 

positive results from one will not come to fruition until other improvements are made.  

 

Strategies that leverage existing infrastructure are not preferrable simply because they require 

less investment and save money. They are preferred because they have long ago internalized 

many of the costs likely to be accrued before any new solution becomes feasible. They do not 

produce significant new emissions to build out the necessary (new) infrastructure, they do not 

require extensive permitting and delays, and they can offer results immediately rather than a 

decade away.  

 

Before any significant transition away from the status quo is warranted or advisable, all 

reasonable efforts should be made to utilize existing infrastructure and to conduct both 

comprehensive and cumulative analyses of any new strategy. Policymakers should also be wary 

of strategies that seek to turn negative aspects into positives. One such point would be high costs 

and new infrastructure needed being hailed as job creation. This is a difficult web to untangle, 

but clear analysis of the issue may reveal that preferable alternatives exist that leverage existing 

infrastructure or do not require new buildouts. 

 

The highly-sought-after goal of “net zero” and a decarbonized economy can begin now, with a 

transition that looks more like reform than rebuilding.  
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Conclusion 
The U.S. transmission infrastructure needs to expand by 60 percent by 2030 and adding over 

400,000 miles of new infrastructure to meet ultimate net zero goals. The average timeline for 

such a project is 10 to 12 years, while new pipelines often take as many as seven to nine years. 

The cost and delays of regulatory compliance and permitting are extensive. Per mile, new 

transmission lines may cost over $2 million, while a mile of pipeline can run an average of over 

$8 million.  

 

Even with reforms, the comprehensive nature of a full-scale decarbonization effort will mean 

legal challenges at every level, logistical challenges, cost overruns, land use issues, 

environmental impacts, and more. The most effective strategy is the one that leverages existing 

infrastructure to the greatest extent possible, then has the most net beneficial path through the 

remaining hurdles.  

 

The framework presented here is intended to equip industry leaders and policymakers with a 

better understanding of the merits and challenges of certain proposed decarbonization goals. A 

strategy that can avoid new buildouts, is insulated from price volatility and supply chain risk, 

does not add demand to the grid, and has little or no environmental impact – besides a proven 

ability to decarbonize – should be prioritized. Instead, we often see or hear that a narrow set of 

renewable power sources are the priority technologies. While they do have competitive benefits, 

they are substantial infrastructure projects that are energy- and material-intensive in their own 

right.  

 

In thinking through this framework, policymakers should also note the considerable difference in 

centralized and distributed processes. These will require different levels of infrastructure and 

entirely different economies of scale.  
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