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Abstract

This article examines the energy efficiency and climate impact of various heating methods
commonly employed across industrial sectors. Fossil fuel combustion heat sources, which
are predominantly employed for industrial heating, contribute significantly to atmospheric
pollution and associated asset losses. The electrification of industrial heating has the po-
tential to substantially reduce the total energy consumed in industrial heating processes
and significantly mitigate the rate of global warming. Advances in electrical heating tech-
nologies are driven by enhanced energy conversion, compactness, and precision control
capabilities, ensuring attractive financial payback periods for clean, energy-efficient equip-
ment. These advancements stem from the use of improved performance materials, process
optimization, and waste heat utilization practices, particularly at high temperatures. The
technical challenges associated with large-scale, heavy-duty electric process heating are
addressed through the novel innovations discussed in this article. Electrification and the
corresponding energy efficiency improvements reduce the water consumed for industrial
steam requirements. The article reviews new technologies that replace conventional process
gas heaters and pressure boilers with efficient electric process gas heaters and instant steam
generators, operating in the high kilowatt and megawatt power ranges with very high-
temperature capabilities. Financial payback calculations for energy-optimized processes
are illustrated with examples encompassing a range of comparative energy costs across
various temperatures. The economics and implications of waste heat utilization are also
examined in this article. Additionally, the role of futuristic, radical technical innovations
is evaluated as a sustainable pathway that can significantly lower energy consumption
without compromising performance objectives. The potential for a new paradigm of self-
organization in processes and final usage objectives is briefly explored for sustainable
innovations in thermal engineering and materials development. The policy implications
and early adoption of large-scale, energy-efficient thermal electrification are discussed in
the context of temperature segmentation for industrial-scale processes and climate-driven
asset losses. Policy shifts towards incentivizing energy efficiency at the manufacturing
level of heater use are recommended as a pathway for deep decarbonization.

Keywords: decarbonization; industrial heating; technical trends; electrical heating; hybrid
heating; energy efficiency; high temperature; enhanced productivity; sustainable heating
methods; thermal processes; water conservation
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1. Introduction: Environmental Challenges of Fossil-Based Heating
The Earth’s ecosystems have a natural carbon cycle by which carbon is constantly

recycled. This natural carbon cycle moves large amounts of CO2 and, in the past, could
maintain a near-steady state of CO2 in the Earth’s atmosphere. This cycle permitted a
certain annual predictability of weather and climate. However, emissions from human
activities have increased. The totality of global CO2 production can no longer be fully
recycled, leading to a net increase in atmospheric CO2 levels. Emissions and the rate of
emissions have increased dramatically over the past 70 years [1–11]. For 2024, the projected
global carbon budget indicates that human-made CO2 emissions will significantly exceed
the amount that can be absorbed in the carbon cycle. The increase in the CO2 concentration
in the troposphere has led to rapid global warming and its unwelcome consequences
(e.g., rising sea levels, extreme weather events, species extinction). Accelerated warming
increases the entropy generation rate in the troposphere, contributing to unpredictable,
severe weather. CO2 emissions from fossil fuel combustion are estimated at 37.4 billion
metric tons in 2024, resulting in a record high of ~422 ppm in the troposphere (the reported
2025 values from the Mauna Loa laboratories in late May 2025 reached ~430 ppm). The
rate of CO2 accumulation is related to the Earth’s average temperature and the rate of
entropy generation [4,12]. An increase in greenhouse gas (GHG) concentrations in the tro-
posphere could have catastrophic consequences for humanity if the rate of GHG emissions
remains unchecked.

This article examines the global improvement in energy conversion efficiency for
industrial heating processes and its impact on emissions. The focus is primarily on the
technical aspects of these processes, including radical innovations in key market sectors
that consume significant energy to achieve industrial outcomes. The article is divided
into six sections: (1) Introduction (this section): Environmental Challenges of Fossil-Based
Heating. (2) Technical Trends and Energy Efficiencies in Electrical Heating and Waste
Recovery Methods: Technological Innovations in Electric Heating. (3) Payback Calculation
for Investments in Efficient Heating Systems. (4) Radical Innovation: The Impact on
Sustainability. (5) Practical Implementation and Policy Implications: Incentives, Adoption
Barriers, and Early Adopters. (6) Summary and Conclusions.

Combustion heating methods for power generation, industrial heating, and trans-
portation account for over 75% of the pollutants and nearly 90% of all the carbon dioxide
emissions that drive global warming [1,10]. Almost 25% of all emissions, or approximately
11 billion tons of CO2 per year, result from the combustion of fossil fuels in industrial
operations, which involves the release of reactants and products into the atmosphere [1,13].
While the ocean and land plants may eventually absorb much of the carbon dioxide humans
have introduced into the atmosphere, this process will take time. Despite the long-term
potential for absorption, up to 20% or more of the excess carbon dioxide could linger in the
atmosphere for thousands of years. There is thus an urgent need for immediate reductions
in emissions. A decrease in concentration will be gradual, even with drastic cuts in CO2

emissions. Nevertheless, total levels can be stabilized through prompt actions that lower
both the emissions rate and the rate of temperature rise. Eventually, the troposphere could
return to a steady state, improving climate and weather predictability [12]. The annual
rate of rise of tropospheric CO2 exceeds the average for the past decade [14], thus making
it essential to examine all new technical methods of reducing such emissions. Industrial
process heating is an area where CO2 emissions could be reduced substantially. This article
examines such possibilities.

Process heat generation (thermal energy) is vital in industrial sectors, such as trans-
portation, aerospace, mineral drying and processing, metallurgical operations, electronics,
power generation, turbine operation, and chemical production. This process heat is pri-
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marily produced by the exothermic combustion of fossil fuels, resulting in significant GHG
emissions. The primary fuel options include natural gas (CH4, methane) and propane
(C3H8, propane). When one mole (~17 g) of natural gas (methane) is burned with oxygen
gas (from the air) to release about 803.9 kJ of exothermic thermal energy, 64 g of oxygen is
consumed from the atmosphere, and approximately 44 g of CO is emitted as a byproduct.

Transportation, power generation, and industrial heating are the three primary sectors
responsible for nearly equal amounts of GHG emissions [1–3,5,15]. Among these three
sectors, the electrification of industrial heating equipment is likely to offer the fastest
route to reducing global emissions—a central hypothesis of this article. This is due to the
significant advancements in efficiency and sustainable energy production that are now
achievable [1–3,6,16–22]. Achieving the stabilization of tropospheric GHG concentrations
can only be accomplished through a large-scale reduction in the industrial use of fossil fuel
combustion heating, including natural gas, propane, diesel, and gasoline [12].

In 2018, a total of 7576 trillion kJ of fuel, steam, and electric energy were estimated to
be consumed by U.S. manufacturers, comprising 51% of the total onsite energy used for
manufacturing purposes [1]. This represents a significant amount of non-electrical energy
consumed directly at an industrial product manufacturer’s site, primarily for heating.
Since all this energy use produces CO2 (i.e., local to a manufacturer), it results in highly
dispersed emission sources, making it challenging to sequester emissions. Additionally,
there is growing evidence that direct carbon capture from air is an expensive and, more
importantly, highly energy-intensive technology [23]. Worldwide emissions continue to rise.
Although some countries, such as the United States, have reduced their GHG emissions
since their peak in 2007, the total global GHG emissions in the atmosphere continue to
show a net increase [14,19].

This increase is partly due to rising industrial GHG emissions in the U.S. and globally,
which are hindering meaningful changes in the rate of tropospheric CO2 accumulation. Re-
cent 2024 reports [24–26] show that energy efficiency, energy use timing for optimal energy
rates, productivity, and efficiency are interrelated and influenced by process changes. Such
reports underscore the need for energy-efficient electrification and process management at
industrial sites. This article addresses these issues with a focus on technical advancements.
The use of biofuels could be risky, as these fuels may only replace other carbon-containing
fuels while contributing to deforestation; reforestation cycles are lengthy, and deforestation
is a complex disruption to many critical ecosystems. Moreover, biomass combustion leads
to considerable haze and adverse effects on human health [14,27–29], as well as significant
CO2 emissions.

It seems clear that eliminating flames and combustion heating will expedite decar-
bonization and reduce harmful emissions; however, the magnitude of the economic benefits
to industries has largely been unexplored in a framework of energy efficiency and related
economic benefits. Nevertheless, fossil fuel heating remains the dominant fuel choice in
the industrial heating sector, primarily due to its perceived lower cost. This article critically
examines such beliefs.

Environmental policies have significantly boosted the innovation and adoption of
cleaner technologies while discouraging the use of dirty technologies. However, this
article focuses solely on technical trends and improvements for climate mitigation, with-
out directly addressing policy issues. Policies and regulations have fostered sustainable
energy-related innovations that are more accessible to industries, contributing to the larger
movement toward net-zero carbon emissions [30]. Despite recent changes in the U.S.,
the global trend toward decarbonization appears to be progressing well. The motivation
to tackle climate issues arises from both government and policy-making bodies, as well
as organically from society, including citizen activists, climate engineers, and farming
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communities. While there is no doubt that green policies have improved climate and
economic outcomes [1,4,13,26,30–33], some reports suggest that these policies may have
led to unintended consequences [34]. A brief overview of the primary drivers for technical
innovations is presented in Section 2.

Estimates of the world’s asset losses from each kilogram of CO2 and methane emitted
are astonishingly high, ranging from USD 51 to over USD 3,000 per kilogram of CO2

equivalent emitted [1,6,35–38]. The social drivers for providing heat (thermal energy) with
clean electric heaters are becoming increasingly compelling due to the continuous rise in
heatwaves and climate extremes associated with GHG emissions (a product of fossil fuel
combustion). The global decarbonization market is estimated at least USD 1.3 trillion and
is projected to grow at a CAGR of 12.7% from 2021 to 2036. Some estimates suggest that the
global market for decarbonized products and services will exceed USD 40 trillion by 2040.
Reducing or limiting CO2 emissions offers a promising and economically viable business
opportunity, in addition to its role in mitigating climate change. This article examines the
techno-economic aspects of advanced engineering principles in industrial heating.

On 2 December 2023, the U.S. Environmental Protection Agency (EPA) released a final
report [6,16], subsequently updated, that significantly increased estimates of the social cost
of GHG, including carbon dioxide, methane, and nitrous oxide (collectively referred to as
SC-GHG). The report defines SC-GHG as “the monetary value of the net harm to society
from emitting one metric ton of that GHG into the atmosphere in a given year” [6,38]. These
estimates serve as a resource for decision-makers, aiding in the cost–benefit analysis of actions
that reduce or increase greenhouse gas (GHG) emissions. On 6 March 2024, the U.S. Securities
and Exchange Commission introduced new climate disclosure rules, requiring companies to
disclose climate-related risks that could materially impact their business or financial statements.
New climate fines and taxes, based on the amount of GHG gases emitted into the atmosphere,
will be allocated to climate superfunds [39]. Such fines are direct expenditures, factoring in
the project costs discussed in Sections 1 and 2 below. A process heater serves a vital industrial
function and is a crucial investment. A gamut of electrical heaters for industrial (process)
heating requirements across a wide temperature range is shown in Figure 1. One of the
objectives of this article is to recognize the value of electrified thermal energy conversion
machines and processes to manufacturers and society.

Figure 1. The gamut of heating process temperatures from 100 ◦C to 1200 ◦C, with typical applications
in the industrial sector (picture provided by MHI Inc., Cincinnati, OH, USA, reproduced with
permission). From left to right, the pictures show electrical steam generation, electrical process gas
heating, logic control displays, and the EION system discussed in Section 4.
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2. Technical Trends and Energy Efficiencies in Electrical Heating and
Waste Recovery Methods: Technological Innovations in Electric Heating
(a) Electrification power requirements for industrial heating-process sectors.

While industry-specific needs may influence the types of improvements and new
technologies relevant to different sectors, heating remains a universal requirement not
confined to specific industry demands. On average, one million KJ of combustion energy
from fossil fuel combustion results in approximately 60 kg of CO2 emissions (see Table 1
for various fuels). Thus, transitioning to electric heating (see Table 2) will benefit all
industrial sectors by offering comparable energy efficiency enhancements and enabling the
achievement of near-zero GHG emission goals. A United Nations report [10], among many
others [1,18], explicitly emphasizes that converting fossil fuel-burning methods to electric
heating is a crucial global objective. The energy efficiencies of high-power electric heaters
are explored in detail in various sections of this article. High-temperature electric heat can
be applied across numerous industrial applications, delivering significant advantages, such
as reduced emissions, improved efficiency, and the outstanding durability of critical heater
components. The role of waste heat recovery is also discussed in detail below for energy
reuse, considering both the work-energy transfer and the recyclability of thermal energy
(heat-energy transfer) from waste heat. This article does not consider heat pumps as their
exit temperature output typically does not exceed comfort-heating temperatures (generally
lower than ~27 ◦C (300 K)). Growing evidence also indicates that a heat pump’s impact on
the electrical grid is more complex than the very high predicted efficiencies of a heat pump,
which are unrealistic [40,41]. Its impact on the electrical grid is more complex than that of
conventional heating systems. In contrast, electrical industrial heaters are typically used
for temperatures between 100 ◦C (373 K) and 1800 ◦C (3272 K) with predictable efficiency
and grid impact (Table 2). Most heavy-industrial heating processes consume considerable
power and operate with heater exit temperatures of between 200 ◦C (food sector) and
1200 ◦C (e.g., industrial calcining and sintering sectors). This includes the steam and
process gas heating requirements. This market is currently heavily dominated by fossil fuel
heaters. Beyond 1200 ◦C, to about 2300 ◦C, the market is smaller, addressing melting, heat
treating, and sintering metallurgical operations. This specialized heating sector, beyond
1200 ◦C, already uses electric heating. In contrast, the lower- and mid-temperature range
sectors, where most of industrial thermal energy is used, typically use fossil fuel energy
for heating.

Table 1. CO2 emissions in kilograms per gigajoule of an exothermic reaction for specific fuels
[38,42,43]. In comparison, electric heating typically has zero GHG emissions.

Natural Gas (The Main Component Is Methane) 50.4–56

Jet Fuel 68.8

Bituminous (Coal) 88.8–100

Diesel and Home Heating Fuel (Distillate Fuel Oil) 59.9–69.3

Gasoline and Ethanol Blends 64.1–72.5

LPG 65.4

Figure 1 illustrates the significant applications of industrial heaters across various
sectors, where the substantial reduction of CO2 emissions that promote sustainable de-
velopments alongside novel and more energy-efficient enhanced industrial practices are
feasible. These sectors include iron, steel, glass, cement, aluminum, polymers, stucco, and
mineral processing, encompassing activities from drying to calcining. Additionally, key
sectors where significant industrial heat is utilized encompass (a) power plants, where



Sustainability 2025, 17, 5916 6 of 35

high-temperature heat is essential for steam turbine operations; (b) chemical production,
including energy generation from wood chips, where high-temperature heat facilitates
chemical reactions; (c) mineral processing, where high-temperature heat is crucial for dry-
ing, extracting valuable minerals, and refining raw materials; (d) food processing, which
relies on high-temperature heat in bakeries, dairy operations, and other food sanitation in-
dustries; and (e) metalworking, where high-temperature heat is critical for melting, casting,
and shaping metals.

Table 2. Typical heating element alloys and use temperatures.

Nickel–Chromium
Alloys
Ni-Cr

Iron–Chromium–
Aluminum Alloys

Fe-Cr-AL

Silicon Carbide
SiC

Molybdenum
Di-Silicide Alloys

MoSi2

Maximum Element
Temperature (Air) 1200 ◦C 1350 ◦C 1600 ◦C 1900 ◦C

Maximum Use
Furnace

Temperature (Air)
1100 ◦C 1300 ◦C 1600 ◦C 1900 ◦C

Element Material
Classification Metallic Metallic Ceramic Intermetallic

Major
Limitation Limited to 1100 ◦C Poor hot strength Elements age

Brittle Brittle

Electrifying industrial heating processes involves the use of electric process gas heaters
in higher-temperature industrial furnaces than those currently employed, including in-
dustrial steam boilers. The gamut of industrial processes is summarized in Figure 1.
While advancements in battery technology, particularly those related to MW batteries,
are vital for decarbonization, this article does not address the development of batteries.
Life optimization, compactness, and the scalability of single-stage electric heaters to the
50 MW range and beyond, along with optimized auxiliary equipment [44–46], as well
as the scalability of electric heaters to the 100 MW power range with enhanced auxiliary
equipment such as fans, blowers, and pumps [44–46], are active areas of research. For
context, 100 MW equals about 5000 to 10,000 average-sized electric vehicles. Large-scale
MW installations may, therefore, have the most significant impact on decarbonization,
whether for low-temperature, centrally produced heat for entire communities or large-scale,
high-temperature industrial processes [42,47].

Several countries have set ambitious goals for reducing emissions [48]. This will
necessitate a substantial increase in electrification capacity. These targets, while challenging,
are achievable within the context. The U.S. has set climate goals to reduce GHG emissions
below the 2005 levels by 2030, marking a move toward a sustainable future [49]. For exam-
ple, assuming the U.S. accounts for approximately 13–15% of global industrial emissions,
only a relatively small segment of U.S. industrial methods needs to be electrified to signifi-
cantly mitigate the CO2 emissions issue [24–26]. A 50% reduction in emissions is widely
recognized as a target [49], which will require optimizing the existing electrification capac-
ity or adding new capacity (at least 200–500 GW). In 2023, capacity additions in the U.S.
(35.8 GW) surpassed retirements (15.7 GW), with approximately 65% of the retired capacity
coming from coal-fired facilities [50,51]. Although this is a positive development, the pace
of change still falls short of the required conversion rate to achieve the 50% reduction in
GHG. Several adjustments must be made to the electric distribution system to optimize or
synchronize the available power capacity with the usage time. The development of electric
and thermal batteries will undoubtedly become crucial. Regardless, the electrification of
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industrial heating methods, with the high energy efficiencies possible, could be a vastly
financially attractive proposition, as shown in Section 3 of this article, and significantly
assist in addressing the climate issue.

(b) Energy Efficiency.

Thermodynamic efficiencies vary across different industrial process heaters and tech-
nologies. Measuring exergy loss and assigning a value to it for any process is one way to
quantify its efficiency when a work objective (including for chemical reaction processes)
is foremost, compared to a heating objective (6). However, it is often sufficient for ROI
(return on investment) calculations to consider only the energy or enthalpy balances when
the process objective is heating (i.e., a temperature increase objective as opposed to work
creation objectives).

Energy conversion efficiency and energy productivity are closely interconnected to
achieve specific objectives. When energy productivity surpasses industry growth, energy
requirements decrease for various objectives, resulting in a reduction in total industrial
energy-related GHG emissions [46,52–55]. High-temperature convection heating and high-
temperature steam production above 900 ◦C, along with large kilowatt and megawatt
electric heaters (see Figure 1), are essential for critical enabling technologies. This presents
both technical challenges and commercial potential. Enhancing the efficiency and produc-
tivity of an industrial heater may also boost overall process efficiencies and downstream
productivity, thus significantly improving GHG mitigation rates [44,56–58].

Energy conversion efficiency plays a crucial role in considering ROI scenarios. The
energy efficiency (η) in this article is defined as [1 − (energy input − useful energy out-
put)/energy input]. The efficiency of electrical heater systems is reflected in the socket
power draw in relation to the output’s thermal objectives. For fossil-fuel heater systems,
it represents the enthalpy supplied plus the combustion enthalpy released relative to the
usable enthalpy after accounting for radiation and conduction losses and flue gas losses. In
any industrial heater, even a simple exothermic reaction like burning natural gas requires
5–300% excess air to complete the chemical reaction and realize its full thermal potential,
which makes energy inefficiency unavoidable with fossil fuel heaters [1,10,18,59–63]. The
effects of CO2 emissions from combustion on climate change are substantial.

The overall efficiency of the process depends on the efficiencies of the individual
sections. When analyzing a system with multiple components, the overall efficiency reflects
the cumulative effect of each component’s efficiency; the combined effectiveness of each
stage directly influences the total output of the system. Essentially, the efficiency of each
stage acts as a multiplier for the output of the next stage, leading to a final overall efficiency
that represents the entire system’s performance. Electrical systems generally offer high
energy conversion efficiencies, whereas fossil fuel systems, even without accounting for
flue gas losses, can be as low as 56% [64]. Heaters often require auxiliary control systems
that can significantly affect the heater’s overall efficiency. For example, in a fossil fuel heater,
the overall efficiency is ηoverall = ηburner’ηauillliary-equipment·ηthermal·ηdischarge.ηheat-exchanger.

Such an overall efficiency assessment can significantly underestimate the actual efficiency,
although it is common to report only the most favorable efficiency [64].

Materials development is also an active area for new semiconductor devices called
SCRs (Silicon Controlled Rectifiers) and VFDs (Variable Frequency Drives), which regulate
power and output in modern automated heaters. The main objective of these controls is to
enhance lifespan and assist proportional controls. Regenerative and modular SCRs and
VFDs offer improved efficiency and may also reduce panel wiring by sharing circuitry. Such
equipment optimizes the performance of blowers and pumps. In fluid-based systems, the
power demand is proportional to the cube of the motor’s speed. Even small reductions in
speed result in significant energy savings. Examples of waste heat capture in the waste heat



Sustainability 2025, 17, 5916 8 of 35

reutilization section below—Section 2 (d)—demonstrate the importance of operating at high
temperatures to achieve high efficiencies. Artificial intelligence techniques could enhance
grid optimization and be beneficial in new materials development, such as refractory
formulations (chemistry). Insulation (refractory) materials are typically multi-elemental
composites with various crystal structures and grain morphologies. The newer insulations
avoid using short fibers. AI techniques may aid in discovering more effective formulations.

(c) Trends in Heater Materials.

There are well-recognized limitations of high-temperature materials that can with-
stand higher temperatures in oxidative, reducing, and erosive atmospheres [54]. Acceptable
heating materials (compositions) have upper-temperature limits of approximately 2000
K in oxidative atmospheres and about 2300 K in reducing environments (see Table 2).
The key limitations of developing high-temperature heaters are like those required for jet
engines and related blade and vane materials when oxidation and erosion resistance are
essential [65]. The technical trends in developing materials for industrial processes [1] focus
on improving materials for longer life and use at higher temperatures (>2000 K). Figure 1
illustrates typical industrial heating applications and scenarios by their use temperature
in the industrial heating sector. Each sector’s needs for efficiency are met by different
alloys (discussed in Table 2) as they relate to heater operations. Regardless, materials that
can perform at high temperatures in air or oxidizing environments are the most suitable
for enhancing efficiency, as discussed in detail in Section 4 of this article and referenced
in [46,54,56,65–67]. The life of a heater at its use temperature decays exponentially with
its closeness to its maximum use temperature, similar to an Arrhenius relationship. The
stress experienced by the heater and cycling also impacts life. Several equations for such
prediction are shown [68]. One of the unknowns in the applicability of such equations is
estimating the activation energy; therefore, techniques like the Larsen Miller parameter [69]
are employed for such determination. The new trends in materials also relate to environ-
mentally friendly processing in specific gas environments, such as hydrogen, carbonaceous
mixtures with steam, and other fluid combinations. New energy-efficient processing de-
signs for fluid heaters, as shown in Figure 1, are utilized not only in green processes but also
for existing processes, such as naphtha in petrochemical industries. Novel materials, such
as enhanced silicon carbide, are now routinely employed to prevent coke formation and
reduce gas emissions. High-temperature materials for hydrogen heating and their use in
novel air propulsion systems or green steel production are active research areas worldwide.
Novel rapid-response sensor materials and techniques are also an area of active research in
materials science [70].

Almost always, the life of an industrial heater is limited by the life of its critical
high-temperature components, e.g., the heating element. Consequently, life improvements
that impact durability directly influence the payback periods discussed in Section 3. The
higher the temperature, the faster the kinetics of a chemical or metallurgical process can
occur. A heater’s effective productivity, measured as the parts made per unit time, is
logarithmically related to its temperature capability [24–26,42,56,67]. Table 2 lists the
commonly used heating materials. All the heating elements shown in this table enable the
formation of highly impermeable oxide layers of Cr2O3, SiO2, or Al2O3, depending on the
heater material. Therefore, nano-coatings for high heater material emissivity and erosive or
oxidative life represent a key area of trending patents and research [71,72].

(d) Trends in Sustainable Process Optimization and Water Savings.

Process optimization invariably involves electrification because electrical sensors and
electrical control mechanisms (as opposed to fluidic control) most easily provide the ability
to control electric power in response to real-time process changes. As discussed below,
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developing efficient ancillary equipment, flexible heater placement, and automation to
enhance productivity is an area where optimization is possible, as an electrical system
can be efficiently integrated to quickly manage total efficiency. An example of ancillary
equipment is blowers for convective heaters. The energy used by blowers (process fluid
movers) directly depends on the pressure required to maintain a steady-state gas flow (of
gases such as air or hydrogen) while heating the gas, which changes its viscosity. The
pressure drop can be significant in traditional electrical heaters or indirect heat exchanger
systems, resulting in unnecessary energy expenditure. A high-pressure-drop requirement
may necessitate the use of costly multistage blowers, which can consume significant energy
for a given flow rate output. Newer electric heating processes utilize direct gas heating
methods, requiring pressure drops of less than ~10 kPa for a gas flow of around 300 tons of
air per hour, specifically for large 10 MW process gas heating devices.

Process optimization through integrated digital electronic controls and IoT technolo-
gies is currently a trending goal for remote monitoring and Environmental, Social, and
Governance (ESG) reporting requirements. This approach enables companies to commu-
nicate their EG practices to stakeholders and emission monitoring agencies. Digitization
has increased the energy consumption for information processing and frictionless process
control, which is particularly feasible with electrical heating methods [, 7463, 64, 65. The
impact of digitization on energy usage and its effects on climate remain unclear [73,74].
However, new process controls and EG reporting would not be feasible without digitiza-
tion. This serves as a means for companies and users to demonstrate their commitment to
sustainable business practices and environmental responsibility.

A direct consequence of electrification for steam generators replacing traditional fossil
fuel-heated pressure boilers is that the heat-up and cool-down times are very rapid (minutes
vs. hours). This feature, along with the higher steam temperatures available from steam
generators, has allowed for new processes for antimicrobial steam with sterilization-level
efficacy and high process steam productivity benefits [75,76]. Energy efficiency leads to
water savings in steam generators, as discussed in Section 3.

(e) Waste Heat Utilization.

Along with material and process improvement trends, many technical improvements
are directed towards energy efficiency enhancements by recirculating heated waste gas
to recover energy, e.g., flue gas waste energy, also known as retrofit technology for waste
heat utilization. Waste heat is recovered as thermal energy or work. Recycling is difficult
for the flue gas output from fossil fuel heater systems because the exhaust gases are no
longer the original gas after the combustion process that generates the heat. Methane
CH4 (natural gas) becomes CO2, H2O, and NOx, mixed with particulates (soot) after a
combustion event, thus immediately losing the exergy (work potential) of the input gas
and making it unsuitable for direct recirculation. However, it can still heat the incoming air.
Section 3 provides numerical estimates of recycling-enhanced efficiencies. Such benefits
are not significant for burners (generally about 5% improvement) but could be meaningful
for the overall process (about 10–30%). The overall efficiencies of various standard heating
systems are shown in Table 3. Economically feasible power augmentation from waste heat
has been limited primarily to medium- to high-temperature waste heat sources (i.e., where
the waste heat temperature is higher than 230 ◦C). Lower-temperature waste heat streams
(below 100 ◦C) are generally not practical or economical to recover. Regardless, waste heat
reclamation and recycling are practiced today wherever they can provide additional energy
efficiency. Research on economies of scale and process improvement efficiency through
retrofits and recycling-related energy efficiencies is widespread. This section captures some
of the waste heat reclamation ideas.
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Waste heat recovery involves capturing and utilizing at least the thermal energy
that would otherwise be discarded during industrial operations. To achieve energy ben-
efits, several methods and technologies are commonly considered, e.g., (a) combining
heat sources and sinks within a facility to maximize heat utilization and minimize waste;
(b) using heat exchangers where heat is transferred from one medium to another via a
physical barrier, allowing the heat to be utilized elsewhere; (c) utilizing an organic fluid
with a lower boiling point to turn waste heat into electrical power; (d) thermoelectric
generation, i.e., directly converting heat into electricity using thermocouples or solid-state
thermoelectric materials; (e) transforming low-quality waste heat into mechanical motion or
electricity with shape-memory alloys; (f) capturing waste heat to drive steam turbines and
generate electricity; (g) preheating boiler feed water using waste heat to increase boiler effi-
ciency and reduce fuel consumption; and (h) hydronic heating, as discussed in Section 3 of
this article.

Batteries, both thermal and electrical types, are helpful in recovery processes. Thermal
batteries are used for thermal waste heat storage from recovered waste heat. Thermal
batteries store energy at a high temperature. The discharge is at a lower temperature.
The use, for example, could be in building heating or in medium-temperature polymer
or aluminum processing. Figure 2b shows a diagram for heat-to-work recovery. Electric
batteries (that store an electric charge or potential) store work in the form of chemical
energy, discharging it again as work (electricity). A reimagining of the cycle shown in
Figure 2a reveals the nature of thermal battery operation, even without a physical thermal
battery, if the process is continuous. The diagram in Figure 2b shows a schematic for
reheating low-temperature waste gas heat and recovering the waste energy in the form of
work. Recovery of energy in the form of Work is a more versatile way of recovery but is
difficult because of various technical and theoretical limitations. An example would be
where the waste heat is captured for electric generation, powering lighting, or for room
heating with a heat pump, or even for preheating use (Figure 2b). Here, for recovery as
work, the reclaiming work from waste heat is subject to Carnot efficiency limits.

Table 3. A compilation of electrical and fossil fuel heating efficiencies for typical industrial heaters.

Type of
Industrial Heater Energy Efficiency Range GHG Emissions Principles of Heating and

Typical Use

Electrical systems
(resistance)

Generally, 95–98%.
A modern process gas heater
is shown in Figure 3.

None

For heating fluids like air or
water, a heater surface, which
could be the heating element,
transfers heat to the fluid.

Electrical systems
(induction)

Generally, 50–90% when
heating a magnetic surface
that transfers heat to a fluid.
Coupling efficiency is critical
in induction heaters.

None

The heater surface is
inductively coupled to the
flow of secondary currents.
This surface transfers heat to
the fluid directly or via
conduction to an adjacent
crucible material.

Electrical systems
(dielectric)

Generally, 50%
(example: microwave). None

A dielectric heater uses radio
frequency (RF) alternating
electric fields or radio waves
to heat a dielectric material.
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Table 3. Cont.

Type of
Industrial Heater Energy Efficiency Range GHG Emissions Principles of Heating and

Typical Use

Direct-fired fossil
fuel heaters.

The reported overall
efficiencies are 30–90%. Burner
efficiencies could be very low
for high-temperature use.

A therm is a unit of
measurement for natural
gas’s thermal (heat) energy
content. Burning natural
gas releases approximately
5.5 Kg of CO2, NOx, SO2,
particulate, and CO per
therm (~29.3 kWh) energy.

A direct-fired fossil fuel heater
is a heating system that
generates heat by directly
exposing air to an open flame
created by burning a fossil
fuel, such as natural gas or oil.

Indirect-fired fossil
fuel heaters

The burner efficiency
multiplied by the heat
exchanger efficiency can be
30–80%.

Burning natural gas
releases approximately 5.5
Kg of CO2, NOx, SO2,
particulate, and CO per
therm (~29.3 kWh) energy.

In an indirect-fired heater, the
burner is fired into a heat
exchanger. Air is heated by
passing over the heat
exchanger, allowing the
combustion byproducts to
remain within the heat
exchanger, which is then
exhausted through the flue.

 
(a) 

 
(b) 

Figure 2. Two possible waste-energy reuse scenarios, accompanied by flow diagrams for waste heat
recovery. (a) Waste heat recovery is where work is not required from waste heat, and the thermal
energy is recycled. (b) Waste heat is converted to work (and low-grade heat). The symbols in
Figure 2b are defined in the text. In (b), the waste heat is available at Tw (K) and is first compressed
to approximately 10 bar. Then, it is heated to a very high temperature, T2(K), which is close to a
practical electric turbine inlet temperature. Work and heat can be extracted, and a low-temperature
return (required for conversion to work) is at Tr, which could be the ambient temperature (Ta) or the
temperature of the waste (Tw). The red box indicates the exergy utilization.
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Figure 3. A plot of the waste heat temperature (Tw) as a function of the minimum heating temperature
required when the waste heat is preheated for extracting work (ideal mechanical or electrical efficiency
is assumed). The 3D surface plot of the functions [(T2)2 − 600(T2) + 90000] (blue surface) and
[(T2)2 − (T2).(Tw)] (red surface).The horizontal plane axes are the waste heat temperature, Tw (K)
minimum preheat temperature, T2(K), required for recovering the added energy and convert to
electrical or mechanical Work. The work device (heat engine/turbine) discharges to a temperature of
To < Tw. For this figure, To is taken as 300 K.

Efficient reheating or waste recycling is a complicated undertaking for fossil fuel-
based heating systems. Typically, gas heaters require a substantial amount of more-than-
stoichiometric -air [1,10,18,59–63] to enable the complete combustion of the hydrocarbon
fuel. The exothermic heat release heats this excess air and becomes a part of the flue gas
loss. A gas heater’s overall efficiency (ηoverall) will comprise the efficiency of various stages
of the burner device. Nevertheless, a few currently used systems capture some of the
waste flue gas energy. Typically, reheating the incoming combustion air with exhaust (flue
gas) can add only about ηburner ~5% to the efficiencies of fossil-fired heaters [18,60,61,77].
The overall efficiency gained by reheating incoming air with exhaust air is limited. For
example, the overall efficiency, ηoverall = ηburner·ηthermal·ηdischarge.ηheat-exchanger, can be low:
0.7 × 0.7 × 0.85 × 0.6 = 0.25 (25%) [48,60,61,77]. Note that a 5% increase in burner effi-
ciency with waste heat recycling would not significantly improve the overall efficiency.
It would increase the overall efficiency to 26.25% from the original 25%, i.e., only an
improvement of 1.05%.

Reheating can also be considered for existing electrical systems to reduce the overall en-
ergy use with a closed or near-closed loop system, similar to that shown in Figure 2a. Here,
the gains are meaningful. Figure 2a shows a typical reheating process for a drying operation
of powders. In such operations, the heater’s efficiency is maintained at about 95%, and
waste gas recycling can be carried out if the composition remains unchanged. Thus, recy-
cling can save additional energy by reclaiming the energy lost during furnace and material
handling operations. This dramatically enhances the overall efficiency. The efficiency with-
out reheating would have been ηoverall = ηheater.ηfurnace = 0.95 x~0.75 = 0.71 (71%). With
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the reclamation of waste heat by a reintroduced stream (green lines in Figure 2a), the
furnace part of the efficiency may be enhanced to 0.95, resulting in an overall efficiency of
~0.90 (90%). This is an improvement of 19%.

The energy balance for Figure 2b yields a condition for relating a T2 (K) temperature
required to a particular available Tw (K) temperature. However, note that several solutions
to the relationship between T2 and Tw can exist depending on the energy amount under
consideration. A complete energy reuse is possible if a To temperature less than the Tw
(K) is available. The waste heat has an enthalpy of Hw (kJ/kg) and a temperature of
Tw (see symbols definition below). Assume the mass transfer rate is dm/dt, and the
specific heat is Cp. The energy entering the turbine in Figure 2b is (Hw + W1+ Q1) ~ m.Cp.
(T2 − To), when calculated from a baseline To, but the excess energy added is only m.Cp.
(T2 − Tw), with the rest coming from waste energy. Equation (1), plotted in Figure 3, shows
the minimum heater T2 temperature where the extracted work exceeds the energy input,
as discussed below (this is possible because waste heat contains energy at a temperature
above the reservoir temperature). If a Carnot efficiency device is available, then in principle,
the waste heat can be utilized fully. The Carnot efficiency case is analyzed below, and the
several solutions to the heater exit temperature are shown in Figure 3 for any available
waste heat temperature that must be efficiently converted to work. The energy out is
W + (Hr + Huse) ~ m.Cp.(T2 − To). The Huse can be employed in a chemical or hydronic
application for waste heat reclamation. The assumptions made to obtain the T2 temperature
as a function of the waste heat temperature for plotting Figure 3, are discussed below. It
should be noted that these assumptions have little influence on the solution when the
waste heat recovery system operates at high powers, i.e., above 500 kW (i.e., 500 KJ/s of
waste heat recovery, typically above about ~700 SCFM or ~110 Nm3/h. airflow recovery
rates). The three main assumptions are (a) Q1 >> W1 (almost always the case for high
kW and MW process heaters); (b) Tw approximates T1, and (c) Hr is the enthalpy at Tr
approximated as Tw, i.e., after the Huse has been deployed. The theoretically achievable
maximum work output is m.Cp.(T2 − To). (1 − To/T2), for an engine operating between
T2 and To i.e., when the rest of the thermal energy (that part not allowed by the second law
to be converted to work) is discharged to To (a reservoir). As To is lower than the Tw (or Tr);
electric work in principle could be obtained that can offset thee electric work required to
heat toT2. The ratio of the energy input into the process heater in Figure 2b, to the energy
obtained (recovered) by work yields the condition of a minimum heating temperature for
complete input heat recovery by work (electricity), as follows:

(T2 − Tw)/(q.(T2 − To)) = 1 (1)

The following symbols are used for energy and enthalpy balances to illustrate work-
based waste heat utilization (Equation (1)):

Cp (kJ/kg.K) is the specific heat at constant pressure. (This is assumed to be tempera-
ture independent for the ideal solution shown in Figure 3).

Hw (kJ/kg) is the enthalpy of waste heat (above the To temperature). The waste heat
is at a temperature of Tw (K).

Huse (kJ/kg) Is the enthalpy used in the hydronic plus chemical process used (see
Figures 3–5).

Hr (kJ/kg) is the waste heat released after the generator output is used hydronically
(Figure 6). This heat is returned from the hydronic process at a temperature, Tr, and can be
recycled at a lower temperature, Tw.

KE (kJ/kg) is kinetic energy, and P and V are the pressure and volume, respectively.
KE1 (kJ/kg blower/compressor-imparted kinetic energy.
m (kg) is the mass, and dm/dt (kg/s) is the mass flow rate.
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Q1 (kJ/kg) is the energy added to raise the temperature from T1 (K) to T2 (K) at the
heater outlet.

To or Ta (K) is the lowest ambient temperature available (assumed to be 300 K in the
example below).

T1 (K) is the temperature of the air/gas that exits the compressor.
T2 (K) is the process heater’s exit temperature, which is also approximated as the

turbine inlet temperature.
Tr and Tw are the return and waste heat temperatures.
W (kJ/kg) is the work output from the turbine.
W1 (kJ/kg) is the work needed to isothermally pressurize by providing energy to the

compressor. This is equal to the kinetic energy and the PV energy (KE1+PV).
q = the Carnot efficiency of the turbine = (1 − To/T2).
m.Cp(tw-To) = the energy or enthalpy recovery from waste heat by direct

enthalpy recovery.
The condition for recovery of waste heat energy easily follows from extending

Equation (1) and requiring the work output to include the waste energy. However, it
should be noted that the equation can be solved for any fixed energy amount. In Figure 3 a
solution is provided with the vertical axis spanning several energy amounts. Energy (or
enthalpy) is a function of Tw and T2. T2 is a function of Tw and (T2-Tw). The variation
of Tw with T2 will depend on the energy value chosen. For the best work outcome, the
Hr and the Huse are ideally zero for Carnot efficiencies between T2 and To as the turbine
discharges to To. Equation (1) thus assumes none of the energy is used for down-process
heating, i.e., l = 0, and all energy recovery is in the form of work. Should heat be required
for downstream processes, it is straightforward to modify Equation (1) accordingly by
adding a thermal term that modifies the numerator in Equation (1).

The main conclusion from the analysis of heat processes for recycling, as shown in
Figure 2b and similar work processes, is that work recovery is possible by heating the gas
from Tr to T2, as long as temperature To is lower than Tr or Tw and the reservoir is available
for dumping heat.

Several devices, such as heat pumps, have been optimized for low-temperature use,
where work is input into the system to move the fluid, rather than to heat it. Additionally,
as implied in Figure 3, the severity of heating increases when the work-generating machines
decrease in efficiency. Note that Tr and Tw are used interchangeably in these discussions.
The condition in Equation (1) is the same condition that defines the inequality that the
thermal energy dumped to To by the Work generating heat-engine device does not exceed
the enthalpy difference for the waste heat between To and Tw temperatures for fixed mas
that is circulated as shown in Figure 2b for the purposes of recovery of waste energy.

Of course, the main drawback of utilizing any waste heat in the form of an electrical
or thermal energy-conserving method lies in the fact that there are no readily available
Carnot-efficiency devices (i.e., the most efficient turbine theoretically) nor high temperature
fans for the high-temperature gas recirculation, as these are always associated with ther-
mal losses and high temperature seizures. Consequently, significant device and thermal
inefficiencies are encountered in a practical situation. Advanced developments for better
and safer refractory materials that do not contain harmful fibers (FiberFree®) (FiberFree® is
a Trademark of MHI Health Devices Corporation, Cincinnati, OH, USA) are expected to
become a technical research trend for materials as also low friction materials pairs at high
temperatures [58].
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Sustainable Electric Heating Methods for Performance Chemicals and Fuels Production
(Hybrid Methods)

Considerable heating is required even to produce fossil fuels. When heating naphtha
and other fuels for reaction or decomposition, the primary heating method is typically
through heat exchangers [62], often utilizing a hot utility, such as steam. This raises the
temperature of the fuel to the desired level for processing or combustion by utilizing its
relatively low boiling point to efficiently transfer heat and ensure proper viscosity for
handling and atomization in the next stage of the process. Such heating is particularly
important in refineries where naphtha is a key component of gasoline production. Several
electrically heated direct hot gas heating methods and new materials that prevent cok-
ing are under development. Eliminating indirect heating considerably improves energy
efficiency. With indirect heating methods (heat exchangers), layers of coke may deposit
on the surface walls, thus further reducing the efficiency of energy transfer. In contrast,
precise temperature control is possible with electric heating, which avoids overheating or
excessive vaporization that may otherwise occur. Even creating syngas (a mixture of H2

and CO, both reducing gases) or green hydrogen while eliminating CO2 is now efficient
and possible with material or plasma catalysts when used with directly electrically heated
gas (that runs through fluidized or particle beds in a heater gas state or ionized state).

Syngas (synthesis gas) is a mixture of hydrogen and carbon monoxide in various
ratios, where electrically heated hydrogen or plasma-dissociated CO2 or steam is employed,
depending on the type of reaction. Electrically heated hydrogen, or sometimes high-
temperature carbon monoxide, is often used as a fuel for ore reduction [62,78,79]. Such gases
may contain some carbon dioxide and methane. Alcohol and its derivatives are regularly
produced through a two-step industrial process, which involves the catalytic hydrogenation
of syngas into methanol (CO/CO2 + 3H2 → CH3OH + H2O). The subsequent catalytic
dehydration of methanol over catalysts can produce DME (2CH3OH → CH3OCH3 + H2O),
which is often considered an alternative to diesel fuel. Multi-functional catalysts can be
used in scalable, electrically heated reactors. An illustration is shown in Figure 4. The
hydrogen economy, which includes hydrogen production through the pyrolytic dissociation
of methane (when combined with larger C-H containing molecules), is considerably aided
by the availability of high temperatures at low overall system pressures.

Figure 4. Direct heating of catalytic beds, fluidized beds, and distillation columns with electric-power-
heated gas between 900 ◦C and 1200 ◦C.
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(a) (b) 

Figure 5. Images of the fossil fuel flame heating of (a) molds and (b) dies with gas burners. This is a
typical, non-optimized, and unhealthy environment. CO2, NOx, SO2, carbon, sulfur, and ammonium
particles impact both local human health and global warming [1–3,49]. In comparison, clean heating
with electrically heated process gases, which eliminates direct flames, ensures a cleaner and more
uniform die-heating process [57,66,67].

 

Figure 6. Typical use scenarios for process-gas heating. Although the heating of air is shown in
the chart, the same principles apply to other gases. Waste heat is utilized, as shown in Figure 2 for
additional efficiency.

3. Payback Calculation for Investments in Efficient Heating Systems
The capital costs and payback periods of investments aimed at achieving higher

energy efficiency outcomes are discussed in this section, more energy-efficient devices
are typically more expensive compared to low-efficiency heaters, but they could offer a
significantly better long-term return. The overall energy efficiency of fossil fuel heaters,
depending on their deployment, ranges from 30% to 85% [48,59–61,64,66,80–82]. Such
heaters invariably emit GHG, regardless of the burner’s efficiency. As mentioned, GHG is
linked to significant global asset losses [6,36,38,83]. However, these costs are shouldered by
societal groups [4,6,36,37,84], not solely by the industrial units that use them. For instance,
some island nations suffer the consequences of rising sea levels, even though they are not
responsible for greenhouse gas (GHG) emissions. Nevertheless, there are various reasons
for selecting fossil fuels or electric methods that are unrelated to climate pollution or energy
efficiency. In countries like the US, fossil fuels, such as natural gas, are typically inexpensive
today, although this may change in the future. In countries like Finland, the fossil fuel
supply may not be secure, and electric methods are preferred due to concerns about climate
change and national security. Fossil fuel heaters (that use low-exergy fuels) generally
cost less than high-exergy heaters (e.g., electric heaters) for the initial capital expenditure.
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However, considering only the initial cost may not be the best financial decision, as the poor
efficiency of low-cost, low-efficiency heaters (see Table 3) could compromise the payback.

As discussed in other parts of this article, for any fossil fuel gas heater, there will always
be a flue gas output and excess air that contributes to heating inefficiency. Figure 5a,b shows
a fossil fuel-fired die-heating operation. This open-flame condition could be typical of fossil
fuel heaters, adding safety concerns to the calculations presented below. Considerable
energy (heat) is wasted in this process through radiation and with the emitted flue gas,
which carries waste energy with it. Besides efficiency improvements, electric heaters
eliminate emissions of CO2 and CO2-equivalent gases, such as CH4, SO2, NOx, and
particulate matter. Should climate pollution by GHG be taxed by society, such a taxation
disincentive would be another way to justify using electric heaters [4,6,37,84,85]. The energy
efficiency of a process is a key measure in choosing an economical heater system. First, a
few straightforward examples are presented to highlight the importance of efficiency gains
in financial calculations for process gas heaters.

For aluminum smelting and refining, the furnaces used for primary aluminum produc-
tion are most often direct fossil fuel heating types. The energy conversion efficiency is as
low as ~13% in such high-dross furnaces. Such efficiencies can easily increase to over 95%,
even with traditional electric heating. A 1 MW electric system will prevent 0.25–0.6 tons
of CO2 per hour from being emitted if it replaces a fossil fuel heater. Replacing a 5 MW
burner (a typical burner size employed for aluminum melting) with a 1.2 MW electric
heater will save 76% of the energy [77,86]. Even if the electric energy price is 1.5 the fossil
energy price (applying the multiplier to the fossil energy price), the price of equivalent
fossil energy, there are approximately three times the savings just in energy costs per year
with the conversion. Because of the efficiency and climate mitigation potential, efficient
electric heaters have become a part of all new process development (such as using hot
hydrogen to make green steel) technologies. Electric resistance heaters (Tables 2 and 3)
offer the best overall efficiencies, generally exceeding 95% for well-built and properly
managed processes.

The overall efficiency of an electrical induction heating method [84] can be determined
by multiplying the efficiency (η) of each stage that comprises the heating process (supply,
thermal, and coil). The overall efficiency is ηoverall = ηsupply·ηthermal·ηcoil. Here, ηsupply

accounts for losses in cables, power factor correction capacitors, and frequency conversion
equipment; the thermal efficiency, ηthermal, represents thermal losses from the workpiece,
which is critically dependent on the operating temperature, quality of thermal insulation,
and method of operation of the heater; and ηcoil is the coil efficiency that depends on the
AC frequency, induction coupling, magnetic susceptibility, and the ratio of the perimeter of
the coil to the substrate. Even if all of these were 0.9 (90% efficient), the overall efficiency
could not exceed 0.729 (72.9%).

Similarly, a gas heater’s overall efficiency (ηoverall) will comprise several terms.
It can only be determined by multiplying the efficiency of various stages, namely,
ηburner·ηthermal·ηdischarge.ηheat-exchanger. Here, the ηburner is the combustion burner efficiency
that depends on excess air, burner construction, adequate containment, burner radiation
losses, the burner’s quality of combustion, and the humidity of the oxidant gas. The ηthermal

captures radiation and other heat losses from the furnace chamber, not including the flue
gas losses; ηdischarge is a range of loss processes that could contain terms that include the
enthalpy loss in the combusted air (including flue gas losses); ηheat-exchanger is the efficiency
of the heat exchanger for indirect heating (a practice that is followed when the combustion
gases cannot be allowed to encounter the chemicals being heated or dried directly or cannot
be allowed to pollute the plant). Even if these were 0.9 (90% efficient) individually, the
overall efficiency could not exceed 0.65 (65%). For example, heat-exchanger efficiencies are
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rarely that high. They could be more like 50%, placing the overall efficiency closer to a low
40% for gas (fossil fuel) heating systems.

Figure 5 shows a commonly experienced, unsafe open radiation condition and gas
discharge, typical of fossil fuel heating. Such open flame heaters are not unusual to deploy
when only the capital price is considered for a heater or when precise calculations have
not been made regarding long-term financial paybacks, climate pollution, or safety con-
cerns. Figure 6 illustrates a flow diagram for a more controlled, electrically heated process
gas heater suitable for various applications, including hydronic systems, electric power
generation, and chemical processes. A quick note to consider is that the overall efficiency
and speed of heating will always depend on the Tout temperature (the effective heater exit
temperature), whether for direct heating for thermal purposes, for a work output that is
related to turbine efficiency, or when considering productivity from a chemical kinetics
viewpoint [15,56,67,87]. Processes that provide higher uniformity at high temperatures
with the highest conversion efficiency will offer the best overall value [9–11,24–26,30,70].

There are three ways to improve energy efficiency in industrial heaters: (i) by utilizing
well-built and well-insulated machinery that converts and delivers thermal energy (heat)
without much loss of heat, (ii) by improving the efficiency of the final objective, and
(iii) by methods that directly utilize waste heat without degrading it or recycle waste heat
into work (electric energy). To improve the overall energy efficiency, (i) change to an electric
heating process, (ii) increase the Tout temperature capability, and (iii) recirculate any waste
heat that is dissipated after the process objectives.

All new greenfield and green initiative innovative manufacturing processes, such
as hydrogen reduction for clean steel production or clean molecular cracking methods,
will likely be designed or modified to minimize thermal energy losses and optimize pro-
cess control with digital methods. While this seems logical today, nearly all large-power
heater processes from the past were not designed with energy efficiency in mind. The
calculations below illustrate how energy conversion affects investment decisions in electric
heating methods.

If electric heaters are to be deployed quickly as a substitute for fossil-fired heaters,
they must offer attractive payback economics. Such payback can come from better heater
efficiency (generally close to 95% or better with resistance electric heating, sometimes
exceeding 100%). Electric heaters are often resistance-type heaters (see Table 2) and effi-
ciently transform electric energy (work) into thermal energy (heat) that can be used directly
without the need for intermediary heat exchangers. Only the methods shown in Table 2
and Figure 1 are suitable for large-scale industrial electric heating applications that require
temperatures exceeding 100 ◦C.

Heaters can have a wide range of initial and operational costs depending on their
construction, location of use, temperature, and other control features. The payback depends
on energy efficiency and productivity, which include the heater’s performance, such as
the achievable temperature, size, or manpower required to operate and maintain the
equipment. Energy efficiency enhances the payback period, which is one method of
calculating the benefits of investing in any energy-efficient process compared to a lower-
cost, lower-efficiency process [61,77]. Equation (2) calculates the Net Present Value (NPV)
of an energy-efficient investment. Here, the NPV is an additional investment (−I0) that
exceeds an investment in a low-efficiency, low-cost fossil fuel heater.

NPV = −I0 + ∑t(∆(CF) (1 + i))−t) (2)

∆(CF) reflects the cash flow benefits from improved efficiency and other savings.
In Equation (2), the symbol i represents the discount rate, and t denotes the number
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of years the machine is expected to operate before a significant equipment overhaul
becomes necessary.

In the U.S., the cost of the natural gas delivered varies by location and other fac-
tors. However, the average cost per therm is USD 0.95, or USD 9.52 per MMBTU (293
kWh). CAPEX (capital-related costs) and OPEX (operation-related costs) are shown
in Tables 3 and 4. Current commercial interest rates range from about 7% to 20% in the U.S.
The discount rate is assumed to be 10% for the payback calculations shown in Tables 4 and 5.
These calculations are highly conservative because the discount rates considered are high
and emissions costs are low. The U.S. EPA [85] has suggested using USD 190 for CO2,
USD 1600 for CH4, and USD 54,000 for NOx per metric ton emitted in 2023 with a 2%
discount rate. We have used a 10% discount rate and a climate cost of USD 283 per ton [6],
which adds approximately USD 0.1/kWh to the cost of natural gas-based fossil fuel energy.
A four-year investment period is under consideration. An online payback calculator is
available in Reference [88]. This calculator was used to assess various scenarios with and
without climate costs, varying energy costs, and varying discount rates.

Table 4. Payback Scenario 1. A comparison of the costs associated with an electric and an alternate,
lower-efficiency fossil fuel heater. A total use of 2600 h is considered. The energy price per kWh
equivalent of fossil fuel (delivered) is assumed to be equal (USD 0.1/kWh) to the price of electrical
energy. Climate costs add USD 0.1/kWh to fossil fuel energy. The electric unit is rated at 100 kW, and
the fossil-fuel unit is rated at 180 kW, based on the energy efficiency differences.

Equipment Cost (CAPEX) Energy Efficient Electric Alternate Fossil Fuel
Equipment (B) Additional Investment

Main equipment USD 70,000 USD 50,000

Auxiliary equipment - USD 5000

Other upstream/downstream
equipment Not Considered Not Considered

One-time plant/installation
Costs Generally low USD 10,000

All other installation costs,
including labor Not Considered Not Considered

Total Equipment Cost USD 70,000 USD 65,000 USD 5000

Operating Costs (OPEX) Energy Efficient Electric Alternate Fossil Fuel
Equipment (B) Savings/Cashflow per Year

Hours of use per day 10 10

Hours of use per week 50 50

Hours of use per year
(52 weeks) 2600 2600

Energy costs per year USD 26,000 USD 46,800

Maintenance costs - USD 5000

Certifications/blowdown, etc. Generally low Generally high

Emissions-related costs Not Considered

Other operating costs Not Considered Not Considered

Total Operating Costs USD 26,000 USD 51,800 USD 25,800
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Table 5. Scenario 2. A comparison of the costs associated with an electric and an alternate fossil fuel
heater. A total use of 2600 h is considered. The energy price per kWh of fossil fuel (delivered) is
assumed to be half the price of electrical energy. The climate cost adds USD 0.1USD /kWh to fossil
fuel energy. The electric unit is 1000 kW, and the fossil-fuel unit is 1800 kW, based on the energy
efficiency differences.

Equipment Cost (CAPEX) Energy Efficient Electric Alternate Fossil Fuel
Equipment (B) Additional Investment

Main equipment USD 700,000 USD 500,000

Auxiliary equipment - USD 50,000

Other upstream/downstream
equipment Not Considered Not Considered

One-time plant/installation
Costs generally low USD 50,000

All other installation costs,
including labor Not considered

Total Equipment Cost USD 700,000 USD 600,000 USD 100,000

Operating Costs (OPEX) Energy Efficient Electric Alternate Fossil Fuel
Equipment (B) Savings/Cashflow per Year

Hours of use per day 10 10

Hours of use per week 50 50

Hours of use per year
(52 weeks) 2600 2600

Energy costs per year USD 260,000 USD 234,000

Cost per kWh USD 0.10 USD 0.05

Maintenance costs - USD 50,000

Certifications/blowdown, etc. Generally low Generally high

Emissions-related cost USD
0.1/kWh of CO2

- USD 468,000

Other operating costs Not Considered Not Considered

Total Operating Costs USD 260,000 USD 752,000 USD 492,000

Two scenarios (NPV and Payback Period Calculator [89]) for payback are examined
and shown in Tables 3 and 4. The more efficient electric equipment is approximately 40%
more expensive [90,91] than the less efficient alternative (this estimate concurs with the
fact that high-power, high-temperature equipment is not yet as common nor manufactured
at the same rate as its fossil fuel counterpart). Electric equipment is typically 90% energy
efficient compared to the alternative equipment (fossil fuel), for which the energy efficiency
is typically 50%.

The assumptions for Tables 4 and 5 are based on the energy efficiency differences
discussed in the text and the References [48,59–61,64,66,80–82].

In Scenario 1 (Table 4), the assumed energy costs for both energy sources are the same
(USD 0.10/kWh, typical in the US Midwest regions). In this example, a 100 kW electric
heater replaces a 180 kW fossil-fuel heater, resulting in an additional investment of $5000.
The additional investment, as noted in Table 4, is recovered within the first year.

Scenario 2 (Table 5) compares a larger investment with significantly different fuel costs.
The unit energy cost of the fossil fuel is half that of the electric heater. In this example,
higher emissions-related costs are offset by the potential savings from choosing the electric
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option. The climate costs could be GHG penalties, taxes, or locally offered mitigation-
related incentives. The payback period is again within the first year. Even without the
added emissions costs, the payback period is under 6 years in Scenario 2.

Scenario 1 KW Rating KWH Cost

Efficient Unit 100 USD 0.10

Alternate (B) * 180 USD 0.10

Scenario 2

Efficient Unit 1000 USD 0.10

Alternate (B)* 1800 USD 0.05

Emissions-related costs USD 0.10

* Efficient heater efficiency 90%, alternate B efficiency 50%; equipment costs and
alternate equipment costs are based on feedback and information received by the
author [91].

Different scenarios with varying energy costs and discount rates demonstrate a robust
return on investment (ROI). The savings from improved energy efficiency are compelling
in most cases, as the returns appear attractive. It is generally accepted that high-efficiency
electric heaters last longer than low-efficiency ones. For example, fossil-fuel heaters always
have nozzles that deteriorate, while electric heaters do not require nozzles. Nevertheless,
the calculations for the payback periods in the two scenarios assume similar lifespans for
the heaters. The additional benefit from a higher life will add to the ROI. Although this
article did not attempt a detailed sensitivity analysis, multiple scenarios were examined.

Energy efficiency can lead to a more productive life cycle by optimizing energy use
throughout the product’s lifespan. A more productive life cycle always results from
higher energy efficiency. The enhanced efficiencies from high-temperature heaters lead
to significant productivity increases [56,67,87] and a longer life cycle. Similarly, LED
lights exemplify the relationship between productivity and energy efficiency. While LED
manufacturing requires more energy than traditional incandescent bulbs, LED lights use
significantly less energy during their operational lifespan, resulting in net energy savings
over their entire life cycle.

One of the most extensive uses of industrial heating is in the steam generator sector
(traditionally known as the steam boiler industry). High-temperature steam is utilized
for comfort heating, sanitation, the controlled drying of textiles, consumer packaging
(shrink packaging), curing concrete, soy production, antimicrobial applications, food pro-
cessing, food safety, meat tenderization, milk processing, laundry, skincare, the pyrolysis–
gasification of municipal waste, and other applications. Industrial systems consume a
significant amount of steam, not all of which can be recycled. Traditionally, steam was
generated by fossil fuel-heated pressure boilers, which are usually inefficient and produce
saturated steam laden with water droplets, resulting in considerable losses in energy and
water management efficiencies. New superheated steam generators can create steam with
no liquid water content in the steam gas [75,76]. Consequently, less water and energy are
required for many steam operations. A comparison of a shrink tunnel packaging operation
that can utilize either a conventional electric pressure vessel boiler or an electric steam
generator for energy and water savings is provided in Table 6 from Reference [76]. Table 7
presents a historical perspective on the evolution of pressure boilers into more modern
electric steam generators. Given the various features mentioned in Table 7, the electric
steam generator offers an opportunity to accomplish the same objectives while using signif-
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icantly less water and energy than conventional pressure vessel boilers. The degree of the
beneficial impact of such water savings may depend on regional water availability.

Table 6. Efficient one-atmosphere electric steam generator and electric conventional boiler OPEX
comparison for shrink packaging [76].

Modern Efficient Electric Steam
Generator (12 kW)

Conventional Boiler (30 BHP)
(~300 kW)

Boiler certification, recertifications Not required. Regular and repeated certifications
are required.

Energy usage price
Per hour: USD 1.20 (12 kW, 10 c/kWh) USD 30 (300 kW, 10 c/kWh)

On-demand operation?

Energy costs per 8 h shift
Energy cost per 2 shifts
Energy cost per day (3 shifts)

Yes

USD 9.60
USD 19.20
USD 28.80

No. An additional 4 h for ramp-up
and cool-down.
USD 360 (12 h)
USD 720
USD 720

Installation cost
Approximate purchase price
of equipment

None
USD 48,000 Total

About USD 30,000
USD 127,000 Total *
* Includes blowdown system, feed
system, preheat kit, water softener,
skid mounting, etc.

Safety, simplicity No pressure vessels.
Compact, mobile, and can be located
at the point of use.

Pressure vessel hazard,
Piping of steam from a remote
location.

Annual energy cost
(8-h shift, 220 days)

Water consumption, gallons

USD 2112

21,120

USD 79,200

528,000

Table 7. Brief History of Steam Generation from Boilers to Steam Generators. Credit MHI Inc.
Reproduced with permission.

Period and Type (Typical
Emissions). Nature of Device Remarks

Late 1700s—Early 1800s (about
0.5–2.0 lbs. of CO2 per 3414 BTU of
heat energy from fossil fuels). Combustion steam boilers.

Produced saturated steam with
water droplets.

These were the earliest boilers.
Source Wiki: Stirling Boiler Company,
Ohio, later merged with Babcock
and Wilcox.

Late 1900s (about 0.5–2.0 lbs. of CO2
per 3414 BTU of heat energy from
fossil fuels).

Higher-pressure boilers.
Combustion-fired and some
electric boilers.
Produced saturated steam.
Economizers were added to increase
the temperature.

Several worldwide manufacturers.
Steam generation requires
high-pressure boilers. The units
were bulky.
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Table 7. Cont.

Period and Type (Typical
Emissions). Nature of Device Remarks

2015 to the present. (Zero NOx, Zero
CO2, Zero CO, Zero particulates).
Deep Decarbonization Products.

Electric high-temperature steam
generators. Dry superheated steam.
Temperatures of 1000 ◦C and higher
are feasible.
Instant Steam. Variable flow. Variable
pressure. Variable temperature.
Steam above the inversion
temperature.

Source: MHI Inc. USA.
Controlling steam processes with
electronic and logic controls is
straightforward. Steam generators
directly sense pressure or humidity
signals to regulate the amount of
water conversion.

• The savings estimated do not include the requirements of certifications, possible
production benefits from higher steam temperatures, higher throughput, or quality.

• The recovery of the cost of an efficient electric steam generator typically takes under
one year.

4. Radical Innovation: The Impact on Sustainability
Sections 1–3 above examined the impact of energy efficiency and CO2eq emission

reduction in electrical heating processes, as well as the payback economics of climate-centric
innovations. Following key ideas by Dismukes [52], radical innovation processes can lead
to disruptive industrial changes [19,44,45,53,72]. A radical innovation is the creation of new
products, services, or processes in an industry or market. It often challenges established
practices and norms and can replace inefficient systems and processes. Radical industrial
heater innovations encompass a series of inventions that save energy by improving down-
stream processes to achieve the same objectives as older, traditional processes but with
significantly improved efficiencies [17,19,31,55,62,92–101].

Although not thoroughly examined as a fundamental scientific principle, various self-
organization mechanisms driven by the maximization of entropy generation rates across
multiple length scales may play a role in radical innovation processes, from processing to
final use [17,44,53,100,102,103]. This new paradigm was briefly explored in an article [17]
for the possibility of entropy generation rate maximization as a principle that governs self-
similar or self-organized patterns that can lead to various forms of optimization [104–108],
including that of flight formations for energy conservation [106] or friction-controlling
asperities/phases that reduce pair friction and wear [17,58]. No clear methods have been
recognized for payback scenarios when such innovations are considered for process im-
porovemts. However, the same principle of entropy rate maximization could be used
to maximize the work output rate [17,106] per unit of energy expended; hence, exergy
techniques [109] for financial benefit could be considered for financial payback calcula-
tions. When the problem becomes multiscale, computational methods beyond entropy rate
maximization can be employed for modeling an optimized outcome [73,74].

This section briefly discusses one such process where Ro-Vib (Rotational–Vibrational)
EION-activated plasma plumes can significantly reduce manufacturing energy, wear, or
catalysis actions. Some previously unpublished results from the process are presented in Ap-
pendix A, along with supporting evidence from recently published articles by independent
international research groups. The EION process is used for the surface modification of com-
monly used items, some of which are illustrated in Figure A1 (Appendix A) [17,31,55,92–99].
The EION process utilizes the unique thermal properties of Ro-Vib plasmas with activated
species, requiring only air and an electrical input [95,110–112]. This process was initially
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developed to address energy and productivity challenges faced in surface nitriding applica-
tions, where material wear and energy loss due to high friction are of significant concerns.
The importance of the EION nitriding process lies in its avoidance of energy-intensive
ammonia gas decomposition, complete ionization, or cracking to release nascent nitrogen
onto the steel surface. Instead, it employs extremely low power to produce Ro-Vib-activated
species that seemingly can meet nitriding requirements.

The EION plume species shown in Figure A1 (Appendix A) can provide rapid surface
nitriding, particularly on iron and iron alloys, by directly impinging it on a surface requiring
hardening or other property improvements. The plume interaction times are in the order
of seconds for obtaining hard and low-friction surfaces. The time taken for conventional
nitride processing is several hours (a closed chamber is required in traditional nitriding
processes, both gas and microwave plasma-assisted conventional nitriding processes). In
conventional closed-chamber processes, the parts that require nitriding (typically gears,
shafts, and valves) are arranged inside a large chamber that can only be emptied or filled
very slowly. The EION is an open plume process where the parts are exposed to the plume
only for a few seconds. Productivity and energy savings benefits are significant with the
EION method, assuming a part is treated every 3 s in the EION plume. Significant energy
savings are gleaned when a batch of ten tool bits can be treated in a 10 kW EION beam at a
time (Figure 1A in Appendix A). Based on thermal and energy studies [18,58,89,96,113–118],
the beam-power density of an open directable plume (Ro-Vib plasma plume) from a 10 KW
electrical input yields plumes with a power density of ~106 to 109 W/m2. This power
exceeds even the most powerful concentrated continuous laser beams. The beam size is
large (compared to focused lasers), thus permitting a large impact area on the surface. No
electrodes are bombarded or degraded, unlike in arc and microwave plasma nitriding
systems. The EION plasma plume can utilize air or a benign gas, such as nitrogen, for
plume production.

Typical 200 kW power-consuming, conventional nitriding machines require a mini-
mum of 3 h of total operation. Such conventional nitriding machines can simultaneously
treat about 100–200 parts (albeit over several hours). As the EION is an open beam, a part
changeover can occur within 30 s in continuous mode, e.g., on a moving mesh belt. The
total energy use decreases from 600 kWh (assuming 3 h of treatment with conventional
techniques) to 0.13 kWh (10 kW EION machine and 5–20 s exposure time). This implies
a ~36X productivity benefit in time. Assume both processes require one or two people
at an aggregate rate of USD 80/h for the labor rate. The conventional nitriding process
will, therefore, cost approximately USD 2–USD 6 per part, whereas EION offers a cost of
approximately USD 0.08–USD 0.16 per part. This is a significant saving in addition to the
almost 300% energy savings per manufactured part, which translates to climate emissions
savings, as noted in the introduction sections of this article.

Appendix A presents several previously unpublished nitrided properties of surfaces
exposed to the EION beam. The hardness of many steel alloys increases by over 50% after
just 5 to 20 s of exposure to the plume (as shown in Table 1A, Appendix A). This increase
is due to the formation of nanoscale nitrides and oxynitrides. The increase in hardness
is at least comparable to that achieved through the conventional nitriding process. For
high-strength steels containing molybdenum, hardness rises from a Nano Vickers Hardness
of Hv = 800 to Hv = 1300 with only 15 s of exposure to a 10 kW beam, as illustrated in
Table 1A of Appendix A. When the EION process was first patented and disclosed, there
was considerable concern regarding the presence of nitrogen in a process that took only a
few seconds to complete. This concern was later addressed by careful X-ray photoelectron
spectroscopy, which confirmed the presence of nitrogen. Short exposures with the Ro-Vib
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EION-activated plasmas can create several Fe-N phases and carbon–nitrogen bonds, as
shown in Figures A2a and A2b, respectively.

The new processing approach offers additional downstream benefits, particularly
in terms of the coefficient of friction. Reducing the coefficient of friction (COF) signifi-
cantly enhances efficiency, especially in tool bit usage and automotive components. Ap-
proximately 23% of the world’s total energy consumption (exceeding 575 Exajoules per
year) results from tribological contacts [55]. About 20% of this energy (around 114 Exa-
joules per year) is used to overcome friction, while roughly 3% (about 17 Exajoules per
year) is designated for remanufacturing worn parts and spare equipment. Appendix A,
Figure A4 illustrates that the COF benefits could reach up to 50%. Improved tribological
technologies are anticipated to reduce harmful emissions by as much as 1460 MT globally
for energy production [55]. The effect of low friction on the climate is explored in detail in
several studies [30,31,55,58,78,97–99,101,119,120]. Traditional nitrogen ion nitriding parts
exhibit a COF of approximately 0.38 whereas new technologies offer 0.1 to 0.15 as shown in
Appendix A.

The COF for the treated surfaces is ~0.15 (Figure A3 in Appendix A), indicating a
drop of approximately 60% compared to similar treatments using conventional processes
with base steel, which is a low-cost steel compared to the current higher-price nitridable
steels. The COF almost always increases in conventional nitriding processes compared to
untreated surfaces, unless a secondary smoothing operation is performed. Based on limited
studies, secondary operations can be avoided when EION technology is utilized.

All these features make the EION process one of the most efficient energy-converting
and high-productivity plasma devices for enhancing metal surfaces, establishing it as
a groundbreaking, radically innovative technology for heaters. Such innovations offer
dramatic energy savings during a process and significant energy efficiencies in downstream
processes. For example, tool bits conditioned by such technologies can halve the drilling
time, improve the drilled hole characteristics, and dramatically increase productivity [97].

Such novel Ro-Vib plasma heater devices have an impact beyond surface treatment,
e.g., they can be used in glass bending, casting irons, and aluminum melting [97] (see
Figure 7). Any dross savings in the aluminum melting sector lead to substantial energy
savings for both primary and secondary melting. Due to the creation of Ro-Vib activated
species, the output activated air gas from the EION can be used instead of an expensive
inert or nitrogen gas cover during aluminum melting processes, resulting in reduced dross
formation. Although the energy-efficient aluminum melting of 0.2 kWhr/lb is routinely
possible with electrically heated aluminum melting, the low dross and clean atmosphere
are significant benefits of the EION source in aluminum processing [113]. The savings from
dross reduction, regardless of climate costs, are significant. For example, if the price of
1 metric ton of aluminum is ~USD 1000, a 2% savings in dross leads to USD 20 in savings
per metric ton of aluminum. Most small-scale aluminum plants process about 10 tons a
day per furnace. Assume one year has 200 working days; this equals 2000 tons a year per
furnace. The savings per year are USD 40,000 with 2% dross savings. It is common for
a gas-fired furnace to make as much as 8–10% of dross. This means the corresponding
savings in the lost dross would be about 8–10% by weight for a 10-ton-per-day aluminum
furnace, approximately US$160,000 to US$200,000 per year. This is another example of
radical innovation.
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Figure 7. Types of applications for the EION plasma. The picture collage is made from images
provided by MHI Inc. for products that utilize Ro-Vib heating technology and is used with permission.

5. Practical Implementation and Policy Implications: Incentives,
Adoption Barriers and Early Adopters

Energy-intensive industries include ore drying/calcination, general-purpose heat
treating, cement, aluminum, steel, chemicals, fuels, and fertilizers, which rely on fossil
fuels or flame-heating methods. There is significant interest in replacing CO2-emitting
combustion fuels for thermal energy production with electrical heating methods [1,2].
Achieving 0% CO2 emissions from industrial processes and improving energy efficiency
by at least 25% compared to fossil fuel heating methods for all electrical substitutions
is now the fastest path to decarbonization. As presented in this article, there seems to
be little doubt that enhancing industrial heating efficiency through electrification and
process improvements is vital for addressing the climate crisis, as this will substantially
boost energy efficiency and consequently reduce the large and growing energy demand
for critical manufacturing needs. The CO2 equivalent [13] from all GHG emissions is
tied to asset loss [6,36,121–125]. Taxes or cap-and-trade systems impose a financial cost
on emissions, encouraging businesses to lower their carbon footprint [121,122,124,125].
Their financial implications could be significant for payback calculations, as illustrated in
Tables 4 and 5.
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Favorable regulations and declining equipment costs in similar energy-intensive sectors
have led to a significant increase in renewable energy capacity in recent years [34,126,127].
Incentives for electrification, such as tax credits or subsidies for electric vehicles and
equipment, aim to accelerate the shift away from fossil fuels. Undoubtedly, such policies
have been effective [20,128]. There is little doubt that these subsidies should also be
encouraged for high-efficiency industrial heating, as similar policies appear to have spurred
innovation in lighting and, to some extent, in domestic and commercial heating [127].
However, the unintended consequences of some climate policies could temporarily increase
emissions [34,125,128]. Based on the results presented in this article, any tax incentive
scheme would be more effectively applied to addressing CO2 emissions from industrial
heaters and industrial processes than to electricity production, particularly because the
projected demand for all types of electricity production is expected to grow [21,22].

Given the overall benefits to climate and manufacturing entities, it is unclear why the
switch to electric heating has not been more rapid (Tables 4–6). The water savings described
above could be significant to some dry regions [90,129]. Large high-power electrical
industrial heaters are the most cost-effective solution for mitigating GHG emissions, as
their costs typically range from USD 500 to USD 1000 per kW of heating power, compared
to USD 2000 to USD 5000 per kW for electric vehicles [36,86,90]. There has been more
focus on carbon sequestration and battery chargers than on the efficiency advantages
offered by electric heating methods. Consequently, more investment has been made in
the transport and electric generation sectors, leading to the increasing adoption of electric
vehicle chargers and heat pumps, as new programs targeting electric vehicles and heat
pumps for buildings have emerged [130].

The domestic heating sector has not always prioritized clear energy efficiency ad-
vantages, even as it transitions away from fossil fuel heaters to electric heaters [40,41].
However, this is a low-power market (~10 kW). Therefore, the scrutiny of energy efficiency
has not always been thorough, as climate issues were often viewed solely as a benefit. The
industrial heating sector, in comparison, has high power usage (100 kW to 100 MW) com-
pared to domestic and commercial heaters. Electric energy pricing will influence industrial
product pricing, as noted in Tables 4 and 5. Energy efficiency has considerable advantages
for the industrial sector.

There appears to be a lack of a broad understanding of the significant productivity
benefits that can be achieved by employing high temperatures, as is well known in several
industrial sectors [56,87,124,131]. Electrification and related controls typically offer the
possibility of very high, controlled temperatures. The adoption of clean policies has also
led to an increase in overall innovation [128,130–132]. Lower costs enhance industrial
competitiveness, making the adoption of clean, energy-efficient technologies essential in
countries with high labor costs. There appear to be no significant technical barriers to the
electrification of process heaters. The span is illustrated in Figure 2 [124], particularly after
extremely compact, low-voltage (LV) offerings, grid-connected at 400 V, 480 V, 600 V, and
690 V, have become available (as opposed to the potentially unsafe medium voltage (MV)
offerings (e.g., 2300 V, 4600 V, and above). Additionally, there is the promise of radically
new methods that save enormous energy use, some discussed in Section 4 above. Early
adopters appear to be in the 650 ◦C to 1100 ◦C temperature range [75,90,91], particularly
for process gas heaters.

6. Summary and Conclusions
Industrial heating is a crucial manufacturing sector where anthropogenic greenhouse

gas (GHG) emissions have not yet been fully addressed. This article focuses on electrifica-
tion as a practical solution to reduce emissions and significantly increase energy efficiency.
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Lowering the rate of GHG emissions will decrease the frequency of high-impact climate
events [12].

A process heater plays a vital role in industry and represents a significant invest-
ment. Energy efficient electric process heaters are the quickest way to decarbonize on
a scale that profoundly affects climate change while offering compelling returns on any
new investment.
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Appendix A. Some of the Known EION Process Results
Typical EION plumes are shown in Figure A1a. These are not combustion flames,

but rather activated or energized species (air) that discharge with no combustion or GHG
products. The plume length is about 150 mm. The typical parts that can be made of nitride
are shown in Figure A1b. A comparison of the surface hardness of untreated and treated
steels is shown in Table A1. A compilation of their surface chemistry and performance data
after EION processing in air is shown in Appendix A (Figures A1–A4). The bullets compare
hardness, the coefficient of friction, and surface chemistry using XPS (X-ray photoelectron
spectroscopy) and EDAX (energy-dispersive X-ray analysis). The evidence for nitrogen
was gathered from multiple steel surfaces with XPS (X-ray photoelectron spectroscopy)
and EDAX measurements. In the 15 s treated surfaces of several low-alloy steels, SAE52100,
AISI304, AISI4140, and HSS (M2), the EDAX-measured nitrogen content was approximately
~2 wt% (~6 at%). The results in Figure A2 are from EION-treated HSS M2 steel-grade
drill bits. The EION-treated surface forms nano-asperities [97], which is unusual when
compared to conventionally nitrided surfaces. The overall microstructure differs from
conventional nitriding microstructures, where nitrogen is mostly retained in the subsurface
phase (called the alpha casing). It is believed that the hard asperities are the reason for
the unusually low and stable coefficient of friction (COF), as shown in Figure A3. In the
aqueous corrosion results reported by Deshpande et al. [92], a composite layer of iron
oxides and complex nitrides generated during cascade EION treatment protects the steel
by inhibiting the transport of reacting species. The superhydrophobic surface topography
of the treated steel appears to contribute to the overall corrosion protection. The surface
chemistry, as determined by XPS and EDAX data, is shown in Figure A2. The coefficient of
friction as a function of distance (time) is shown in Figure A3, and the potentiodynamic
polarization of untreated steel, plasma-nitrided steel, and cascade EION surface-treated
steel [92] is shown in Figure A4. The corrosion rate for treated steels decreased from
2.44 mpy for the untreated steel to 1.87 mpy for the conventional plasma-nitrided samples
and 0.09 mpy for the EION-treated sample, with their corrosion current densities being
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16.61 µA/cm2, 2.99 µA/cm2, and 0.08 µA/cm2 for the untreated, plasma-nitrided, and
EION-plume-treated surfaces, respectively [92].

 

 
(a) (b) 

Figure A1. The EION plume and typical parts that require surface treatment. (a) On the left is the
plume, and (b) on the right shows typical treated parts. Credit MHI Inc. Reproduced with permission.

(a) 
 

 
(b) 

Figure A2. EDAX and XPS data for typical alloys, (a) for Ti-6Al-4V (Element Wt% N 13%, O 15.4%,
Al 5.5%, Ti 59%, and V 2.6%—a biomedical use alloy. In iron alloys, the evidence for nitrogen was
gathered from multiple steel surfaces with XPS (X-Ray Photoelectron Spectroscopy) and EDAX
measurements. In 15s treated surfaces of several low alloy steels, SAE52100, AISI304, ASIS4140
and HSS (M2), the EDAX measured nitrogen content was approximately ~2wt% (~6 at%). (b) XPS
signature after surface treating a diamond-studded nickel-based tool to show the development of
C1N and C2N, and possibly sp3 bonds (inset shows the typical XPS signals for such bonds).
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Figure A3. A comparison of the coefficient of friction measured with a Pin and Disc, Coefficient of
Friction (COF) machine. Credit: private communications with S. Deshpande, Cummins Corporation
(Indiana, USA, and Pune, India Divisions). The original work is by S. Deshpande, Ph.D., thesis, with
most data published in Reference [92].

Figure A4. A comparison of the potentiodynamic polarization of untreated steel, plasma-nitrided
steel, and cascade EION surface-treated steel [92]. Reproduced with the author’s permission.

Table A1. A comparison of the hardness of untreated and treated steels. Measurements made
by Vickers hardness machines. Credit: private communications with S. Deshpande, Cummins
Corporation (Indiana, USA, and Pune, India Divisions). The original work is by S. Deshpande,
unpublished Ph.D. thesis, SBU Pune University, 2024, published in reference [92].

Hardness Untreated, Hv. EION-Exposed
Hv (Exposure Time)

Pure Iron IF grade 154 249 (40 s)

HSS (typical) 800, 864 1287 (15 s), 1300 (15 s)
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