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Cement production accounts for 8% of global CO, emissions, necessitating its deep decarbonization.
This paper reviews: (i) electrolysis-based methods to produce cement precursors, and (i) electrified
process heat technologies, along with heat storage approaches. We highlight scaled-up calciner and
kiln designs and the associated technoeconomic factors. Addressing renewable energy intermittency,
and the need for grid upgrades and strategic infrastructure investments are critical to enabling the

transition to low-carbon cement manufacturing.

Rising global temperatures, intensifying hurricanes, severe floods, pro-
longed droughts, and rampant wildfires—all are devastating manifestations
of climate change. In the 20th century, the global average number of natural
disasters per year remained below 100; however, since the dawn of the 21st
century, this frequency has escalated dramatically—now reaching ~400
events annually'. This significant increase in natural disasters is closely
linked to climate change™’, driven predominantly by greenhouse gas (GHG)
emissions—90% of which are CO, emissions'™. These emissions result,
primarily, from the burning of fossil fuels such as coal, oil, and natural gas
for energy, transportation, and industrial processes’. In response to this
crisis, decarbonization programs and policies have garnered substantial
attention as essential mechanisms to promote—or, where necessary, man-
date—the adoption of low-carbon technologies. These initiatives aim to
foster sustainable growth while mitigating the long-term impacts of climate
change.

Concrete is the dominant construction material in the world by a
distance and, arguably, the most important man-made material. The most
critical manufactured ingredient that endows concrete with its properties is
Portland cement (PC), 4.5 billion tons of which is produced annually™ to
cater for buildings and infrastructure construction. The carbon footprint of
cement production (1.57 billion tons of CO, emissions in 2023") is stag-
gering; to put this in perspective, if cement production were a country, it
would rank as the fourth-largest emitter of CO, globally surpassed only by
China, the U.S, and India''. The world’s population is projected to grow to
10 billion by 2050"* with 60% of the people expected to live in cities by

2030", coupled with an increasing number of climate refugees displaced by
extreme events', dramatic urban expansion is anticipated. This will
necessitate the construction of new infrastructure as well as the repair,
rehabilitation, and revitalization of aging structures. Consequently, global
production of PC is projected to increase by over 30% by 2050'>'°.

The fundamentals of PC manufacturing have not changed significantly
over the many decades of its existence. Limestone excavated from the earth
is ground and mixed with other source materials including quartz and clay;
then the mixture is calcined using fossil fuels in a long rotating kiln at high
temperatures. The resulting hard clinker is cooled, crushed, mixed with
gypsum (and, sometimes, with a small amount of limestone), and ground
into PC. Under current manufacturing practices, PC alone contributes to
~8% of all anthropogenic CO, emissions, representing more than 25% of
emissions from the industrial sector'”"*. The major sources of CO, emis-
sions from PC manufacturing'* are (Fig. 1a, b): (1) ~40-50% due to
calcination, where CaCO3;—the primary precursor for PC production—is
heated until it decomposes into CaO and COy; (2) ~40% from the com-
bustion of fuels (out of which ~82% is still fossil fuels, mostly coal and pet
coke™") essential for generating the high temperatures (~1500 °C) needed for
PC production; and (3) ~10% from product cooling, milling, and trans-
portation. PC manufacturing is also highly energy intensive, requiring
~3.6 GJ] of energy per ton', supplied almost exclusively by fossil fuels. In
terms of total energy use, cement manufacturing accounts for two-thirds of
the total energy use in the production of non-metallic materials. The
growing demand for PC, coupled with the challenge of meeting this demand
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Cement manufacturing is a highly complex process.

Raw materials, energy,
and resources

Clinker and cement manufacturing

s

Quarry Crusher Transport’ Raw Kiln and preheater/ Cooler® Cement mill Logis- Total
mill precalcinator? tics*
Energy, 40 5 40 100 3150 160 085 115 3,895 YA Calcination
mega- step
joule/ton
CO,, 3 1 7 17 479 319 28 49 22 925
kilogram/ton Calcination Fossil
process  fuels

'Assumed with TkWh/t/100m.
2Assumed global average, data from the Global Cement and Concrete Association, Getting the Numbers Right 2017.
3Assumed reciprocating grate cooler with 5kWh/t clinker. Electricity

Assumed lorry transportation for average 200km.

Fig. 1 | Emissions from cement production. a The major sources of CO, emissions
from PC manufacturing. Exhibit from “Laying the foundation for zero-carbon
cement”, May 2020, McKinsey & Company, www.mckinsey.com. Copyright (c)

2024 McKinsey & Company. Reprinted by permission; and b percentage emissions
breakdown for each step of cement manufacture based on refs. 105,251 and Fig. 1a.
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Fig. 2 | Decarbonization pathway scenarios set out in the International Energy
Agency (IEA) and Cement Sustainability Initiative (CSI) Technology roadmaps and
perspectives”** (RTS: Reference Technology Scenario, 2DS: 2 °C Scenario, and
B2DS: Beyond 2 °C Scenario).

without increasing CO, emissions, underscores the urgent need for trans-
formative steps toward more sustainable PC production.

As shown in Fig. 1b, ~85% of CO, emissions from cement production
is due to inherent process emissions from calcination and the heat required
to attain calcination and clinkering temperatures, which cannot be dec-
arbonized by external effects such as green grid, and will need more chal-
lenging measures. This does not consider decarbonization of electricity
currently needed by the sector, which is considered an easier-to-attain goal.
Thus, getting to a net-zero emissions scenario will require novel dec-
arbonization strategies for the major share of the emissions, many of which
do not exist yet at scale. Hence, cement industry is categorized as a difficult-
to-decarbonize sector’”. The barriers to deep decarbonization of cement

stem from the immense volume of material produced within a capital-
intensive framework—one characterized by slim profit margins; absence of
short-term economic incentives for adopting changes; limited availability of
cost-effective alternatives to PC; the century-long familiarity with PC
among users and decision-makers; and a pervasive inertia within the con-
struction sector, where there is hesitancy to experiment with materials not
yet incorporated into established standards, specifications, and codes.
However, as per the Paris Agreement™, GHG emissions need to fall by
around half by 2050 to keep global warming to well below 2 °C above
preindustrial levels.

There are four plausible pathways to enable deep decarbonization of
cement. They include energy efficiency enhancements in cement
manufacturing”, substitution of fossil fuels with carbon-efficient energy
sources™, enhanced clinker substitution” (i.e., reducing the share of cement
content in concrete by blending with pozzolans, fine limestone, calcined
clays, etc.), and a suite of innovative, high-risk/high-reward technologies.
Figure 2 shows that achieving the Paris Agreement target of <2 °C by 2050
relies primarily on innovative technologies that current research efforts are
converging onto. Energy efficiency enhancements and current fuel
switching approaches (e.g., use of biomass, municipal solid waste, natural
gas, etc.) make only minor dents in direct CO, emissions™. Clinker sub-
stitution is practiced extensively in the industry, primarily through the use of
supplementary cementitious materials (SCMs) that include both inert (e.g.,
quartz and limestone)*~** and reactive variants (e.g., slag, silica fume, fly ash,
and calcined clays such as metakaolin)”~*° that enhance the strength and
durability of concrete. The use of municipal solid waste ash and other solid
wastes (e.g., mine tailings, red mud, recycled concrete aggregates and fines)
as SCMs are also being explored to reduce clinker content”*’. The common,
specification-compliant clinker substitution materials like fly ash and slag
are byproducts of other CO,-intensive industries and are becoming scarcer.
As an example, there is a 30% demand-supply gap for fly ash in the U.S,,
owing to the reduced reliance on coal for electric power™. The adoption of
non-conventional SCMs in concrete is also limited by environmental reg-
ulations, particularly due to the presence of toxic compounds and heavy
metals. Recent studies” ™ have also investigated low-carbon, Ca-containing
materials (e.g., wollastonite and recycled concrete aggregates and fines) that
could replace limestone, either partially or entirely, in the PC manufacturing
process. Although the use of alternative raw materials may fall short of
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achieving full carbon neutrality compared to alternative fuels or elec-
trification, it provides a notable advantage by requiring fewer infrastructure
upgrades. This entails less capital investment and allows for a quicker
transition, rendering it a more practical option for reducing carbon emis-
sions in the short to medium term.

The innovative high-risk approaches include novel synthesis routes for
PC production including electrochemical approaches®, use of carbon-
efficient raw materials*, and carbon capture, utilization, and storage
(CCUS) methods. Across these approaches, electrification strategies rooted
in renewable energy are pivotal, providing the requisite energy to drive these
processes. When paired with carbon-efficient raw materials and methods
designed to avoid CO, emissions, these strategies stand out as a crucial lever

in the decarbonization of PC production®.

Overview

The recent surge in interest surrounding the decarbonization of cement
manufacturing is evident in the substantial investments being made by
governmental agencies both within the U.S. and internationally. These
investments span the spectrum from foundational research to the com-
mercial deployment of promising technologies, underscoring the urgency of
the challenge. Moreover, this trend presents a strategic opportunity for
companies engaged in pioneering advanced manufacturing and scaling up
innovative solutions to secure a significant competitive advantage in an
increasingly sustainability-driven market. Traditional cement manu-
facturers, companies in allied areas (e.g, chemicals, admixtures, and
energy), and climate technology startups are active in the area of cement
decarbonization. Prominent cement manufacturers (e.g, Holcim, Ash
Grove, Cemex, Heidelberg, UltraTech, etc.) focus mostly on improving the
energy and process efficiency in existing manufacturing facilities and adding
new energy-efficient sub-process systems including CCUS to enhance the
production of PC, portland limestone cements****, and limestone-calcined
clay cements (LC?)***". Several startups in this field are exploring the use of
low-carbon or carbon-free raw materials, electrochemical processes (e.g.,
Sublime Systems’, Brimstone™, Chement™, ZeroCAL™), electric arc fur-
naces (e.g, Cambridge Electric Cement™), rotodynamic heating (e.g.,
Coolbrook™), vertical calciners (e.g., Leilac”’), and carbonated cements (e.g.,
Fortera™). This review does not delve into specific technologies deployed by
various companies—traditional firms and startups alike—aimed at produ-
cing novel SCMs, incorporating CO, in concrete curing, or developing and
integrating CCUS into cement production; however, their contributions are
no less significant. Instead, the focus of this paper is twofold: (i) exploring
novel, low-temperature electrochemical technologies for PC production
that can be powered by renewable energy sources—technologies which,
when coupled with effective CO, separation methods, yield a CO,-free
production process; and (ii) examining electrified heating technologies
capable of sustainably achieving and maintaining the high temperatures
essential for pyroprocessing.

Advanced manufacturing methods powered by renewable energy, like
electrolysis, are emerging as promising avenues for producing green
cement***”*". One of the principal benefits of electrochemical calcination of
limestone, other than the energy-efficient production of lime (CaO) or
hydrated lime (Ca(OH),), is the straightforward separation and seques-
tration of CO,—which results in substantial reduction of the carbon
footprint™. Solar thermal electrochemical process (STEP), a variant of this
method, enables the formation of CaO and solid carbonaceous products at
temperatures lower than conventional decarbonization (800 °C), sig-
nificantly reducing emissions and energy consumption. By combining the
primary carbon-free product of electrolysis, namely Ca(OH), or CaO, with
SiO, (though not trivial), it is possible to produce tri- and di-calcium silicates
(C5S and C,S), which are the primary cement phases. This process can be
carried out with a significantly lower carbon footprint compared to con-
ventional manufacturing methods®.

Several electrified heating technologies—such as resistance heating,
plasma heating, induction heating, and microwave heating—are increas-
ingly viable for industrial scaling, with costs now approaching those of

traditional fossil fuel-based heat sources for cement production®*. Among
these, resistance heating and solar-based heating stand out as leading can-
didates for large-scale deployment, owing to their comparatively lower
capital requirements and proven effectiveness in sectors like chemicals and
glass manufacturing™*. Conversely, microwave, induction, and plasma
heating, while highly innovative and potentially more impactful in the
longer run, necessitate substantial modifications to existing infrastructure®’.
Microwave and induction heating methods, being bulk heating methods,
are more energy-efficient, but not easily integrated with the current man-
ufacturing processes, and thus are challenging for scale-up, while plasma
heating, though capable of being modularly integrated in a kiln, presents
energy efficiency and temperature control challenges®. Nonetheless, these
technologies present compelling alternatives for niche applications, parti-
cularly in the production of specialized, high-value cements. As these
methods advance toward industrial scalability, their implementation in
targeted markets or for unique cement types could foster focused emissions
reductions—bridging gaps left by conventional techniques.

The abovementioned methods may alter the chemistry and perfor-
mance of PC, potentially leading to non-compliance with current con-
struction standards™”. More research is therefore needed before these
manufacturing schemas can attain industrial translation. To address carbon
emissions in the interim, a favorable approach involves CCUS™"” from
industrial operations. CCUS would serve as a transitional strategy to mitigate
carbon emissions while industries work towards adopting sustainable low-
carbon alternatives. However, the integration of CCUS within the cement
industry is not expected to reach commercial-scale deployment before
20307. The delay is primarily due to the substantial technical, financial, and
logistical challenges involved. Key obstacles include the high costs associated
with CCUS technology, the need for extensive infrastructure to capture and
transport CO,, and the limited availability of suitable storage sites such as salt
caverns. Additionally, regulatory hurdles, energy demands of the capture
process, and the complexity of retrofitting existing cement plants further
delay widespread adoption. In parallel, advancements in artificial intelligence
and digital twin technology are transforming the cement industry’*”.
Engineering and application software now span the entire plant lifecycle,
with platforms designed to collect, analyze, and display data from multiple
sources, whether within a single plant or across multiple facilities. By
leveraging these technologies, manufacturers can optimize every phase of the
manufacturing process—from raw material procurement to final product
delivery—enhancing both energy efficiency and cost-effectiveness. The
combination of CCUS and advanced digital tools represents a significant
step forward in reducing carbon emissions and advancing towards a sus-
tainable future in cement production.

In the following sections of the paper, we comprehensively explore
multiple processing pathways for sustainable cement and precursor pro-
duction through novel, promising techniques—both current and emerging
—that employ electrification through integration of a wide array of tech-
nologies, including electrochemical synthesis of cement precursors and
various electrically driven methods for high-temperature processing. Suc-
cinct techno-economic analyses of such technologies are also provided to
glean insights into their viability, scalability, and integration strategies
applicable to both existing and future cement production infrastructures,
which ultimately influence decision-making. The review also provides
perspectives on the limitations of these approaches and discusses potential
solutions to address these challenges.

Electrolysis for production of cement and its
precursors

Electrolysis—an innovative technique employing direct electric current to
drive non-spontaneous reactions—presents a promising pathway to dec-
arbonize the cement industry*>”*”. This process enables the decomposition
of limestone—one of the key reactions in cement production—into lime
(CaO) or hydrated lime (Ca(OH),, also known as portlandite) using elec-
tricity as the energy source, eliminating the need for fossil fuels**. The
process is typically divided into two half-reactions: (1) reduction at the
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concise schematic of multiple electrolytic approaches for cement production, details

of which are provided in sections “Aqueous electrolysis”, “Solar thermal electrolysis”
and “Seawater electrolysis”.

Fig. 4 | Electrochemical production of Ca(OH),
from CaCO;. Here, the decarbonation cell leverages

the pH gradient created by neutral-water electrolysis
to facilitate the dissolution of CaCOj5 at the acidic
anode (using HCI or other acids), while simulta-
neously promoting the precipitation of Ca(OH), in
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cathode and (2) oxidation at the anode. The exact dynamics of half-cell
reactions during electrolysis are influenced by a myriad of factors, including
the composition of the precursor, the design of the electrochemical cell, the
chemistry of the electrolyte, and the operating temperature, among others.
In many processes—though not all of them—the cathode produces H,, a
clean energy source that can be harnessed in subsequent stages of cement
production. Concurrently, the anode yields CO,—often mixed with O, or
other gases—which can be efficiently captured to facilitate net-zero carbon
emissions. In addition to using electrolysis for limestone decomposition,
some studies™**** have investigated its application with feedstocks for
alternative cement production, such as calcium- and magnesium-rich solid
wastes and seawater. For instance, electrolysis has been used for mineral
deposition of dominant ions, such as magnesium and calcium, from sea-
water to produce alkali carbonates (e.g., MgCO; and CaCOs) and alkali
hydroxides (e.g., Mg(OH), and Ca(OH),). Figure 3a shows the reductions
in carbon emissions achieved through electrolysis compared to conven-
tional cement production, demonstrating a reduction of at least 60% in CO,
emissions.

This section will explore three key approaches that harness electrolysis
in cement production as shown by the schematic in Fig. 3b: (1) aqueous
electrolysis, conducted at low to ambient temperatures; (2) high-
temperature electrolysis, specifically molten carbonate systems; and (3)
seawater electrolysis, which focuses on recent advancements in extracting
calcium and magnesium from seawater while simultaneously enhancing the
ocean’s capacity to absorb atmospheric CO,. Note that the electrolysis
methods essentially create the cement precursors, lime or portlandite.

Aqueous electrolysis

Ellis et al.” pioneered an aqueous electrolysis method to convert CaCOs into
Ca(OH),, as shown in Fig. 4. This process also produces valuable bypro-
ducts, including H, (at the cathode) and a CO,-O, gas mixture (at the
anode). The electrochemical cell, also known as an electrolyzer, comprises
two chambers, each housing a half-cell (anodic and cathodic) connected via
a cross-tube and separated by cation exchange membranes (CEMs) and
anion exchange membranes (AEMs), respectively. The electrochemical
reactions in the half-cells produce protons (H') via oxygen evolution
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reaction (OER) at the anode and hydroxide ions (OH") via hydrogen
evolution reaction (HER) at the cathode, establishing a pH gradient that
accelerates the dissolution of CaCOj; in the acidic environment of the anode
chamber. The resulting Ca®" ions migrate through the CEM towards the
cathodic chamber, combining with OH™ ions to form and precipitate
Ca(OH), within the cross-tube.

In the original study”, platinum (Pt) electrodes were employed;
however, proposals for more economical electrode materials are
emerging”™, tailored to the electrolyte’s pH—for instance, nickel, copper,
or stainless steel for the cathode, and aluminum, tin, or lead for the anode.
Despite these alternatives, Pt electrodes are frequently favored for their
exceptional catalytic activity and chemical durability—attributes that are
particularly advantageous during prolonged exposure to concentrated
electrolytes such as strong acids (e.g., HCI) and bases [e.g., sodium hydro-
xide (NaOH), sodium perchlorate (NaClO,), or sodium nitrate
(NaNOs)”*”]. As an example, Mowbray et al.”” utilized platinum on carbon
(Pt/C) electrodes, demonstrating enhanced activity and selectivity for the
hydrogen evolution reaction.

In the electrolysis of limestone or other calcium-rich materials, the
capture and sequestration of emitted gases are critical for thoroughly
mitigating carbon emissions. The process illustrated in Fig. 4 offers a sig-
nificant advantage: the elevated CO, concentration (66%y, as compared to
the conventional 20%,) simplifies the gas separation process. This
increased concentration reduces the energy demands associated with
separation and enhances the feasibility of CO, utilization. CCUS is antici-
pated to play a central role in managing this CO, stream, contributing up to
36% and 48% of the total emissions reductions by 2050, according to pro-
jections by the Global Cement and Concrete Association and the Interna-
tional Energy Agency (IEA), respectively’. By streamlining this
component of the process—as shown in recent studies by Zhou et al.” and
Xie et al.”*.—the overall efficiency and environmental impact of the cement
production can be markedly improved”. In another study, Lu et al.** pro-
posed a scalable electrochemical decarbonization approach that produces
carbon-free calcium silicates—rather than lime or portlandite—from
limestone and recycled concrete sourced from demolition waste. Like other
electrification methods, Lu’s electrochemical scheme facilitates the collec-
tion of CO,, O,, and H,, which can be utilized for mineralization, fuel
synthesis, and power generation. Additionally, this innovative method
yields high-value SCMs to further decarbonize the cement industry, along
with a calcium (bi)carbonate-rich solution capable of mitigating ocean
acidification. A standout advantage of this approach is its compatibility with
the existing infrastructure of the cement industry, enabling rapid integration
and scalability in the near term. This makes it a practical and forward-
thinking solution for advancing sustainable cement manufacturing
practices.

Electrolyte chemistry is a crucial variable that profoundly affects the
energy demand, carbon footprint, cost, and efficiency of lime’s electrolytic
production. CaCOs is not soluble in water and requires a strong acidic
environment to dissolve; therefore, to achieve electrolysis at low tempera-
tures, the chosen electrolyte must meet several criteria, such as high ionic
conductivity, stability under electrochemical conditions, and the ability to
promote dissociation or ionization of CaCOj;. Furthermore, for the pre-
cipitation of Ca(OH),, an abundance of hydroxyl ions (OH) is required;
this is typically accomplished using a strong base such as NaOH. This
requirement of a pH gradient—with high local acidity in one half-cell and
high local alkalinity in the other—limits the range of viable electrolytes
[N.B.: The use of chelating agents offers a notable alternative; this was
achieved, recently, using a novel ZeroCAL process described below]. Martinez
et al.”" highlighted the importance of optimizing electrolyte chemistry and
concentration—alongside applied potential—for efficient CaCOj3 electro-
lysis. Based on this and other related studies”'”, it is clear that sustainably
sourced electrolytes, such as recycled/reused acids (e.g., dilute HCI and
HNO3) and bases (e.g., Ca’"-enriched NaNOj; or NaClO, solutions), will be
needed to replace carbon-intensive ones such as NaOH, which is produced
via the chlor-alkali process. Simply put, ascertaining and comprehensive

testing of alternative, carbon-efficient acidic and basic electrolytes—such as
mixed electrolytes, organic solvents, and protic compounds—are crucial
towards reducing operational costs as well as lessening the environmental
impact of producing electrolytes'” ™", An integrated environmental impact
assessment—encompassing reductions in carbon emissions, energy con-
sumption, and waste generation—combined with economic feasibility
studies is important, factoring in production costs, supply chain logistics,
and industrial scalability. This area requires significant further research, to
ensure that large-scale cement production can be accomplished in a cost-
and carbon-efficient manner.

The design of the electrochemical cell—and the associated electro-
chemical parameters (e.g, electrolyzer voltage)—collectively represent
another pivotal factor in determining the efficiency of lime production via
electrolysis. Despite limited research in this area, existing studies highlight
the substantial advantages of optimized cell configurations. For instance,
Zhang et al.'"”, demonstrated the effectiveness of bipolar membrane reac-
tors, achieving nearly 100% current efficiency while producing clean gas
streams that can be converted into valuable carbonaceous products. Simi-
larly, Rouxhet et al.'* investigated limestone decarbonization using a two-
compartment electrolyzer, separated by a conductive membrane, showing
its effectiveness in enhancing reaction performance.

Among the electrochemical parameters, electrolyzer voltage is a critical
one that directly affects both reaction specificity and energy consumption.
Mowbray et al.”” demonstrated that replacing the conventional OER with
the anodic hydrogen oxidation reaction (HOR) for proton (for reaction with
CaCOs) generation significantly reduced energy consumption, as HOR
operates at a lower voltage (1.8 V) compared to OER (4.2 V). Moreover, the
HOR electrolyzer exhibited a combined membrane and anode overpotential
of 0.11 V, which is in stark contrast to the 1.14 V observed for the OER
electrolyzer. In another study, Zhang et al."” proposed the use of potassium
ions (K*)—sourced from KCl(,q)—as a charge carrier across the membrane.
Findings from this study also underscore the importance of optimizing
electrochemical cell design, particularly with respect to current density and
operating voltage. The proposed design changes allow the electrolyzer to
operate with near 100% current efficiency at a cell voltage of 2.9 V. Opti-
mization of such parameters directly influence energy consumption and the
concentration and mobility of ions participating in electrochemical pro-
cesses within the cell. Ion concentrations, in turn, impacts the kinetics of
Ca(OH), precipitation on both the membrane and the cathode. Studies'*
have also demonstrated that modifying the electrochemical cell design to
enable the gradual and sequential addition of CaCOs;—rather than pro-
cessing the entire material in a single batch—enhances the regulation of
Ca(OH), precipitation by maintaining stable pH levels within the anodic
chamber. This approach ensures a more balanced migration of Ca* and H'
ions, effectively minimizing pH gradients at the cathode and reducing the
likelihood of undesirable precipitation. By preventing electrode passivation
and preserving electrolyzer performance, these advancements in cell design
offer a promising route toward more efficient and sustainable lime
production.

Ledo et al.™ recently introduced the ZeroCAL process (Fig. 5), an
innovative acid base electrochemical process—combining aqueous flow-
electrolysis with an electrolytic pH-swing process*”*—that utilizes lime-
stone as a Ca source and seawater as an electrolyte to synthesize Ca(OH),
under ambient conditions, while completely eliminating CO, emissions.
The process consists of three steps including dissolution, separation/
recovery, and electrolysis: (Step 1) Ethylenediaminetetraacetic acid
(EDTA)-promoted dissolution' ™" of CaCOs, wherein the chelation of Ca
ions by EDTA effectively removes Ca from the solution thus maintaining an
undersaturated solution concerning Ca which in turn stimulates further
dissolution of CaCOj; (Step 2a) nanofiltration to separate the Ca-EDTA
complex from bicarbonate ions”*; (Step 2b) acid-promoted decomplexa-
tion of Ca from EDTA ensuring complete chelator recovery and the pro-
duction of a Ca-rich stream; and (Step 3) ultrafast precipitation of Ca(OH),
using electrolytically generated alkalinity**'"". This sequence produces HCI,
sodium bicarbonate (NaHCO;), and H, and O, gases as co-products. The
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Fig. 6 | Representation of the STEP for direct con-
version of CaCO; to CaO, where CO, is eliminated,
and the formation of C or CO byproducts is
temperature-dependent. Here M represents alkali
metals (e.g., Li, Na, K, etc.).
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HCl is recovered and reused for EDTA regeneration and pH regulation,
thereby minimizing chemical waste. The co-produced NaHCO;, while
potentially dischargeable to marine environments, must be managed with
consideration of local ecological constraints rather than assuming the ocean
as an unrestricted sink. Therefore, any discharge should comply with
environmental regulations to prevent localized impacts. Additionally, the
process generates H, and O, gases which may be captured and utilized as
zero-carbon energy carriers, supporting on-site power generation and
reducing overall emissions'"*™""°.

In addition to the aforementioned studies demonstrating the potential
of electrolysis for sustainable cement manufacturing, new startups (e.g.,
Sublime Systems™"), have initiated efforts to scale up the commercial pro-
duction of lime—and, by extension, PC—through an electrolysis-based
approach utilizing limestone. Despite these advancements, several technical
challenges remain for large-scale implementation: (1) the need to replace
cost- and carbon-intensive electrodes, electrolytes (both acidic and basic),
and membranes separating the two half-cells; (2) lack of engineering opti-
mization in the design of electrolyzers capable of enabling continuous
operation, where CaCOj; can be fed continuously while simultaneously
allowing the extraction of pure lime; (3) unclear influences of impurities
from industrial-grade limestone; and (4) lack of a comprehensive gas cap-
ture and separation process. Nevertheless, ongoing research and innovation

in this field show promising potential for overcoming these challenges. By
advancing these technologies, the cement industry could move closer to
sustainable practices, aligning with global climate goals and fostering a more
environmentally responsible approach to building and infrastructure
development.

Solar thermal electrolysis

Solar thermal electrochemical process (STEP) ,an innovative single-
chamber electrolysis method proposed by Licht'® that harnesses solar
energy (Qgolr) to drive the electrolysis of molten carbonates at a lower
electrolysis potential (Ecjectrolysis) than conventional ambient conditions.
This process enables the decomposition of CaCOj3 into CaO and solid car-
bon (C) at temperatures well below 800 °C through the reaction: CaCO; +
Qsolar T Eelectrolysis — CaO + C + O,. Notably, at elevated temperatures,
the carbon may react with the other byproduct, oxygen, yielding
carbon monoxide (CO) instead: CaCO3 + Qqotar + Eetectrolysis — CaO +
CO + %0,, as shown in Fig. 6. When operated at lower temperatures,
STEP virtually eliminates CO, emissions typically produced during the
calcination of CaCO; [N.B.: thermal decomposition of CaCOj3 at > 800 °C
generates ~ 1 ton of CO, and consumes 1.4 MWh of energy per ton of the
product''™**]. This approach not only enhances energy efficiency and cost-
effectiveness but also captures carbon as a valuable solid byproduct rather
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and, alternatively, the formation of carbonate solids exclusively (Case 2b). Adapted
from ref. 87.

than releasing it as a gas, making it a more sustainable method for lime
production®"”.

STEP benefits from reduced operational temperatures, which con-
tribute to significant energy savings. Recent research has demonstrated the
potential for even lower operational temperatures (around 400 °C) for
limestone-to-lime conversion by employing a mixture of alkali carbonate
electrolytes” (e.g., Na,COs;, K,COs;, and Li,CO;) with lower eutectic
melting points, further reducing the energy demand and projected cost.
Several studies''>'**'*""** have extended the application of STEP to incor-
porate CO, capture and conversion—for example, by splitting CO, into
valuable fuels and carbon-based products. Furthermore, in addition to lime
production from limestone, STEP has been applied to a wide range of
chemical processes, including separation of iron from hematite ore, was-
tewater treatment, synthesis of organic compounds, and industrial appli-
cations including CCUS"*"*""*° Kaplan et al."*' demonstrated the feasibility
of using STEP as a CCUS technique that converts CO, in dilute flue gas
streams to CO (a potent reducing agent for industrial production of various
metals and alloys) even in the presence of contaminants like SO,"*. More
recent research has explored molten alkali borate-carbonate mixtures for
CCUS, which significantly increased CO, uptake from 3% to 60%, thereby
improving process efficiency**"**.

Despite these advancements in STEP, further improvements are
required to enhance its industrial applicability—particularly in terms of
lowering the operating temperature, enhancing the chemical stability and
durability of the electrodes, and optimizing the recovery and utilization of
products. Scaling up STEP also remains a challenge; current implementa-
tions demonstrate a CO, capture capacity of only ~2 tons per day'*>'*. To
achieve impactful global CO, mitigation, additional enhancements are
needed in electrochemical system design, including the recycling of molten
carbonates—whose thermal stability under high-temperature and con-
tinuous operation requires further research. Moreover, integrating alter-
native renewable energy sources, such as wind or hydropower, is essential to

maintain uninterrupted operation when solar energy is insuficcient'”.

Seawater electrolysis

Seawater, an abundant and alkaline resource (pH 8.0-8.2), contains a
mixture of cations such as Ca**, Mg’*, and Na" along with anions like
HCOs", CI7, and SO4*". These ionic species exist at large abundances,
typically ranging from 0.01 to 0.6 moles per liter; this contributes to the high
ionic strength of seawater'”. The pioneering method of extracting and
precipitating mineral compounds from seawater was introduced by
Hilbertz'”. This work demonstrated the application of electrolysis to sea-
water while leveraging its intrinsic alkalinity and high ionic strength to

catalyze redox reactions. These electrochemical reactions, when controlled
and optimized, not only produce useful gaseous byproducts such O, and H,
but also promote the precipitation of minerals such as CaCO3, Ca(OH),,
magnesium carbonate (MgCOj3), and magnesium hydroxide (Mg(OH),).
Crucially, the increase in local pH around the cathode, brought about by the
release of hydroxide ions (OH"), drives the chemical reactions with dis-
solved cations in the seawater'®’. This process thereby facilitates the for-
mation of these mineral compounds, which could be used in various
environmental and industrial applications including the production of low-
carbon PC and alternative cements.

Recent studies'*"'"** have explored electrochemical methods to effi-
ciently recover Ca- and Mg-rich precipitates from seawater, thereby pro-
viding a sustainable avenue for generating primary as well as supplementary
cementitious materials. The electrochemical approach detailed in these
investigations, once optimized, holds the potential to enable large-scale
extraction and recovery of minerals from seawater. This advancement could
facilitate the production of magnesium-based cements, which are not only
eco-friendly but also offer properties conducive to modern construction
needs'”’. These Mg-based cements produce compressive strengths com-
parable to PC and are particularly suited for unreinforced applications.
Notably, such applications constitute approximately 15% of all concrete
structures'’.

A series of recent publications have introduced a seawater miner-
alization process’”*—titled Equatic—that uses electrolysis to emulate the
natural CO, removal processes of the oceans to extract and store atmo-
spheric CO, in the form of solid CaCO; and aqueous magnesium (bi)
carbonate (MgCO; and Mg(HCOs),). In the cathodic chamber of an
electrochemical reactor (Fig. 7), the electrolysis of seawater yields OH",
elevating the pH from 8.2 to 10.5. At this elevated pH, all dissolved carbon
(C) along with Ca and Mg species are precipitated as CaCO; and Mg(OH),
respectively. The introduction of additional CO,—e.g., from industrial flue
gas—into this high-pH solution triggers two simultaneous reactions: (i) the
additional precipitation of CaCOs3, and (ii) dissolution of solid Mg(OH),
resulting in the ultimate storage of CO, as aqueous bicarbonate and mineral
carbonate species. The authors proposed that, following the removal of the
solid CaCOj; via filtration, the carbonate ion-rich catholyte solution could be
returned to the ocean—thus enhancing and activating its ability to capture
yet more CO,. The authors also claim that this process—implemented on a
global scale—possesses the capacity to extract >10 billion tons of CO, from
the atmosphere (dissolved in seawater) and produce more than 15 billion
tons of calcite each year®. Uniquely, the so-produced calcite could function
as a precursor for electrolytic production of Ca(OH), as discussed above in,
without having to resort to mining of this mineral—this would not only
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Table 1 | Feasibility summary of electrochemical decarbonization methods

Technique

Lab-Scale Feasibility

Scale-Up Feasibility

Additional Remarks

Aqueous Electrolysis*

Proven; high CO, levels ease separation
and support CCUS

Needs cheaper, efficient
electrolytes

High CO, output helps capture/use, high energy

ZeroCAL Process®

Proven; zero-carbon Ca(OH), made from
seawater and limestone

Medium; depends on EDTA reuse,
and membrane life

Requires Ca extraction; zero emissions; co-
produces Hy, O,

Bipolar Membrane'*

Nearly 100% current efficiency; clean gas
stream

Possible with smart membranes

Good ion control and gradual CaCQOj3 input improve
performance

HOR Electrolyzer®

Lower energy use due to low voltage needs

Promising; needs gas handling
system

Works best with low voltage and stable pH

Sublime Systems®'

Tested on lab-scale with limestone

Being scaled; design and gas issues
remain

Can link with current cement systems

STEP™®™ Converts CaCO3 to CaO and C/CO at

lower heat

Tough; current capacity ~2 tons
CO,/day

Captures carbon as solid or gas; useful for CO, use
and other processes

Conventional Seawater'** Forms minerals by raising pH near cathode

Needs better flow and
electrode setup

Makes CaCOg, Mg(OH),, Hp, and O,; good for SCMs
and fuels

Equatic Process®’ Proven in labs; strong CO, capture and

mineralization

Claimed scalable to gigaton-level
CO, removal

Removes CO, and makes cement inputs; ocean
helps scale process

UF Membrane "' >90% Ca recovery; uses cheap, tough

membranes

Feasible; membrane cost and CI-
resistance help scale

Direct Ca(OH), precipitation; suits Mg recovery;
needs renewable energy to zero CO,

Membrane-less'*® Proven; avoids Cl-related issues

High potential; skips membrane
fouling

Works for Mg-cement; simpler and cheaper; scales
well with renewables

Cl-mediated/Ca-
|°°pingmg,1bo

Concept tested in labs

Uncertain; safety and scale of Cl,/
SO, need work

Aims for large CO, removal; long-term ocean and
energy use need study

enhance circularity but also offer end-to-end certainty around CO, abate-
ment. Beyond its direct CO, capture benefits, this electrochemical pathway
offers additional industrial synergies. The excess calcite could satisfy the
demands of the global carbonate market (15 billion tons/year'*’) including
fillers and aggregates'**'*’. Additionally, H, and O,—the byproducts of
electrolysis—could be used as industrial fuels.

Chen et al."*' proposed a novel approach that utilizes ultrafiltration
membranes for Ca(OH), production, achieving over 90% recovery of Ca in
the seawater. These membranes provide a cost-effective alternative to
conventional AEM and CEM, offering not just better chemical durability
but also superior resistance to Cl” oxidation (thus mitigating the release of
Cl, gas from the anode). This durability, combined with the membranes’
lower cost, enhances their reusability. The method allows for the direct
precipitation of Ca(OH),, which can be calcined at <500 °C (using renew-
ably sourced electricity) to produce CaO without emitting CO,. The same
method can be adapted to produce Mg(OH), from seawater, which can
subsequently be carbonated (e.g, using CO, from industrial flue gas
streams) at low temperatures to generate MgCO3, a precursor for Mg-based
cement or an SCM for concrete. Although the energy requirements per ton
of the product are comparable to those of conventional processes, utilizing
renewable energy enables this method to achieve a carbon-negative
footprint'*.

Badjatya et al."* introduced a membrane-less electrolyzer technique to
extract alkaline earth metals—primarily Mg—from seawater, promoting the
production of Mg-based cements. This method circumvents the traditional
barriers associated with electrolytic processes, such as membrane fouling
and degradation, thereby enhancing efficiency and scalability. Additionally,
other studies''”" are exploring chlorine-mediated and calcium-looping
based electrochemical processes for the Gigaton-scale removal of CO, from
seawater. These processes not only aim to utilize the extracted CO, for the
regeneration of carbonate materials but also replenish the seawater’s
capacity to absorb more CO, accumulated in the atmosphere once it is
returned to the ocean.

While the full potential of seawater electrolysis and large-scale CO,
removal (from the atmosphere) and utilization in cement production is still
under investigation, the integration of these processes with renewable
energy sources highlights a dual benefit. They can be entirely powered by
sustainable energy, reducing the reliance on fossil fuels, and byproducts,

such as H,, can be repurposed for energy generation. This holistic approach
represents a significant stride towards mitigating climate change while
advancing technologies for the production of sustainable construction
materials. Though electrolysis of seawater has been demonstrated in various
laboratory-scale experiments, scaling up these processes industrially
requires solving various fundamental and engineering challenges. Critical
challenges include the optimization of electrode compositions and designs
in relation to the chemistry of seawater, electrolytes (e.g., salts or additives
that are added to optimize ionic conductivity of the electrolytic medium),
and products; system hydrodynamics and mass-and-charge transfer to
reduce their energy intensity, ensuring effective species separation at the
electrodes; a deeper understanding of how process parameters—tempera-
ture, feed cross-flow velocity, applied voltage, and flux—influence product
quality and yield; and the integration with renewable energy. The relatively
large abundances of CI~ and SO,* in seawater introduce added complexity
to the system (e.g., the risk of release of gaseous Cl, and SO,/SOs), which
necessitate careful environmental evaluations'*’. Table 1 summarizes the
laboratory feasibility, scale-up potential, and key considerations for various
electrochemical methods aimed at decarbonizing cement production.
Overcoming these challenges would conceivably require the convergence of
experiments with multiphysics models including: electric models to analyze
field distributions and currents, and the impact of electrode geometry and
composition on reaction efficiency; chemical models to describe reaction
kinetics and product formation, optimizing electrolyte composition, elec-
trode properties, and operational parameters to maximize selectivity and
yield; and fluid dynamics models for mass-transfer and concentration-
gradient optimizations. Furthermore, integrating these electrochemical
processes with low-carbon energy sources is essential for achieving carbon-
neutrality in cement production.

Electrified heating technologies

In the production of PC through conventional means, it is imperative to
achieve and maintain a clinkering temperature of ~1500 °C since C;S (the
cement chemistry notation for tricalcium silicate or alite), the major
strength-imparting phase of PC forms at this temperature. Formation of
cement phases, including C;S, C,S (dicalcium silicate), CsA (tricalcium
aluminate), and C,4AF (tetracalcium aluminoferrite) follows a sequential
reaction scheme as shown in Egs. (1)-(5) below. Equation (1) is called the
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limestone calcination reaction, and the subsequent reactions are the cement
mineralogical phase formation reactions, generally termed clinkering
reactions.

A

CaCO, = CaO + CO, o)
2Ca0 + Si0, 3 C,5 + A ©)
3Ca0 + Si0, = €58 ©)
C,S+ Ca0= C,8 )
3Ca0 + ALO, 3 C,A + A ©)

A
4Ca0 + AL, O, + Fe,0, — C,AF + A (6)

Historically—and even today—the vast majority of cement plants
worldwide have relied on the combustion of fossil fuels to achieve this
temperature. Although highly effective, fossil fuel-based heating poses sig-
nificant environmental challenges. In addition to the release of large
amounts of CO, as a result of fossil fuel combustion (e.g., in cement man-
ufacturing, ~40% of total CO, emitted is attributed to process heating), other
harmful air pollutants such as sulfur dioxide, nitrogen oxides, and parti-
culate matter are released, which have the potential to impact human health
and the environment. Thus, in the quest for sustainability and reduced
carbon emissions, recent advancements have fostered the development and
pilot- and plant-scale testing of various electrified heating technologies.
Governments, cement companies, and academic institutions have come
together in this regard, forming consortia to take advantage of this critical
decarbonization lever. For instance, European Union’s Horizon Europe
research and innovation program has put together the ELECTRA con-
sortium with partners spanning eight countries to develop knowledge on
how to provide heat to processes that require elevated temperatures. Their
efforts cover plasma heating, resistive heating, rotary kiln, and fluidized bed
technologies™'. Recently, the U.S Department of Energy, through its 7th
Clean Energy Manufacturing Innovation Institute, Electrified Processes for
Industrial Excellence (EPIXC)'”, has funded academia-industry colla-
borative research aimed at advancing translational electrification technol-
ogies for heavy industries. Within the cement industry sector of EPIXC, the
focus lies on electrified calcination, plasma and induction-based heating,
and related cutting-edge technologies.

Theoretical analysis determines that an electric kiln results in a specific
energy density of 2.68 GJ/t of clinker, a value that is lower than the most
efficient dry kiln currently in use'”. Electrified technologies for many low-
and medium-temperature heat processes (up to 600 °C) have currently
matured, but electrified process heating for high temperature processes such
as cement production (requiring up to 1500 °C) is extremely challenging.
However, the elimination of fossil fuels from these processes also likely
results in maximum environmental and human health benefits, and energy
efficiency. To realize the decarbonization benefits associated with elec-
trification of process heating, a significant expansion of renewable electricity
generation capacity is needed, coupled with updates to grid infrastructure
and mitigation pathways for intermittency of renewable electricity (e.g.
through heat storage). Cement plants operate continuously and could
provide options to consume unused renewable energy (in a future abundant
renewables scenario), thereby facilitating grid-balancing. Addressing grid
intermittency requires a combination of strategies, including the deploy-
ment of large-scale energy storage solutions such as molten salt, batteries,
and thermal energy storage integrated within cement plants (thermal energy
storage solutions are discussed in section “TES and other emerging low-
carbon cement manufacturing technologies”). Additionally, demand-side
flexibility measures, such as dynamic load management and smart grid

integration, could enable cement plants to adjust power consumption in
response to fluctuations in renewable energy availability, ensuring stable
operation even under variable supply conditions. Another alternative pro-
posed is the use of small modular nuclear reactors for energy-intensive
industrial operations, which would afford electrification of the plant, with
excess power being sent to the grid. Promising efforts on these fronts are
emerging, which are expected to make innovative electrified heating
methods such as resistive, inductive, plasma, microwave, and even solar
based heating technologies attractive. Each of these technologies present
unique advantages and challenges, which are critically reviewed in sub-
sequent subsections.

Resistive heating

Resistive element heating, also known as Joule heating or ohmic heating, is a
method of generating heat by passing electric current through a conductive
material. Resistive heating has been widely implemented in various indus-
tries due to its simplicity, efficiency, and better process temperature control.
The application of resistive element heating in cement manufacturing has
been the subject of several feasibility studies over the past two decades.

Resistive element heating can be of two types—direct heating or
indirect heating. Direct heating involves heating the material through a heat
source placed inside the heating chamber. The heat source, in this case the
heating elements, can directly transmit heat to the material through
radiation, or through conduction if the heating elements are in contact with
the material. Indirect heating involves heating the material through a heat
source placed outside the heating chamber. This heat source either heats the
chamber and heat is transferred to the material through conduction, or the
source heats a gas (air) by convection, and the gas in turn heats and calcines
the material through convection.

One of the earliest comprehensive studies on the electrification of
cement production was presented in a technical report by the European
Cement Research Academy in 2009'*. The report examined various electric
heating technologies, including resistive heating, and concluded that while
technically feasible, significant challenges remained in terms of energy
efficiency and cost-effectiveness. In 2016, Gabald6n-Estevan et al."** pub-
lished a theoretical analysis of the potential for electrifying the cement
industry. Their study highlighted resistive heating as a promising technol-
ogy for certain stages of cement production, particularly in preheating and
calcination processes, where the temperature requirements are <1000 °C.
Hornberger et al.** demonstrated limestone decomposition at temperatures
around 950 °C (comparable to those in conventional calcination processes),
achieving an energy consumption of 3.2 GJ per ton of CaO in a pilot-scale
resistive heating-based calcination setup. To address the intermittency of
renewable electricity sources, a study by Bai et al."”” proposed a system
combining resistive heating with high-temperature thermal storage using
molten salts, potentially enabling more flexible operation of electrified
cement kilns.

One significant barrier to the upscaling of resistance heating technol-
ogies is the substantial capital investment required. The transition involves
not only the high costs of implementing new electrified technologies but also
the expense of replacing existing cement plants or unit operations with
entirely new facilities or subprocesses. Replacing existing cement plants or
building electrified cement manufacturing plants fall under long-term goals
towards industrial decarbonization. While technologies advance towards
these long-term goals, as a short-term advancement towards decarboniza-
tion, relevance should be given to flexible technologies that can replace select
subprocesses—especially those with large carbon footprint—and can be
directly incorporated into the already existing cement plants as retrofit
measures. The EU-funded CEMCAP project'” investigated resistive heating
for calcination, concluding that resistive heating could be a viable option for
new cement plants or major retrofits, particularly in regions with access to
low-cost, low-carbon electricity.

In recent times, several projects have been initiated to upscale the
existing state-of-the-art in electrification of cement plants incorporating
resistive element heating. To realize the said short-term goals of

npj Materials Sustainability | (2025)3:23


www.nature.com/npjmatsustain

https://doi.org/10.1038/s44296-025-00068-6

Review

Pure CO,

? \as*”

Steam Injection H
\ Calcination of Clay

Steam assisted
Limestone Calcination
Limestone

Fig. 8 | Schematic of resistive element heating-based rotary calciner for limestone

and clay calcination'®.

incorporating electrified technologies into already existing cement plants,
researchers at VDZ (German Cement Works Association) have developed
modular heating elements'”. These elements, made from advanced cera-
mics, are used as inserts inside or outside the heating chamber. When
electric current is passed through these elements, heat is generated via the
Joule effect. These elements can withstand temperatures up to 1600 °C and
have demonstrated energy efficiencies of up to 85% in their laboratory tests.
Launched in 2020, the ELSE 2 (Electrification of Limestone Calcination)'®
project aims to develop and demonstrate a novel electric calciner design that
could reduce CO, emissions by up to 90% compared to conventional
methods. Their project includes plans for a pilot plant capable of processing
100 tons of limestone per day. This electrifies only the calcination step in
cement production, with the clinkering still powered by conventional
(fossil-fuel) energy sources. Another notable example is the Decarbonate
project in Finland'', which examined the calcination of limestone in an
electrically heated rotary kiln. As part of the initiative, a mobile pilot plant
featuring an electrified rotary calciner with a capacity of over 100 kg/h was
constructed. This plant produced high-quality calcined material and
achieved a CO, concentration of 98% (vol. dry). In 2019, Heidelberg
Cement announced a project to test electric heating in cement production at
their plant in Slite, Sweden'®. The project aims to achieve full-scale electric
cement production by 2030, potentially reducing the plant’s CO, emissions
by up to 1.8 million tons annually.

In the short term, decoupling calcination operations from clinkering in
a cement plant allows for a reduction in fuel-related CO, emissions and a
potentially shorter kiln length, in addition to enabling the capture of flue gas
with CO, concentrations approaching 100% (as opposed to <25% in con-
ventional coal-fired processing'**'**) which can be used in the production of
chemicals and fuels. This makes resistance heating a viable retrofit for
existing cement plants to reduce their CO, footprint through a judicious
combination of emission reduction and CCUS. Moreover, with the advent
of blended cements such as limestone-calcined clay cements (LC’), elec-
trification presents further opportunities to the cement producer in terms of
emission reduction, and energy- and cost-efficiency. Calcined clays, which
can be produced at temperatures below 800 °C, enable calcination of
limestone and clays in electric rotary kilns or flash calciners that could be
fueled by renewable energy. A schematic design of how the resistive element
heating technology can be incorporated indirectly into a rotary calciner for
co-calcination of limestone and clay is provided in Fig. 8'®. These calciners
could also be modified for steam injection, which has been reported to
further depress the calcination temperature of limestone by up to 100 °C'*,
resulting in further emission reductions and enhancing energy efficiency. As
the cement industry moves towards increased production of blended
cements, and with paucity of traditional SCMs such as fly ash and slag
looming in the horizon, such novel calcination systems are likely to become
more prevalent.

Despite promising advancements, several challenges inhibit the
widespread adoption of resistive heating in cement production. Energy
efficiency—mainly due to uncontrolled heat losses—remains a concern, as
electric heating systems may require 10-20% more primary energy than
conventional methods, depending on insulation and electricity sources®.
Renewable energy production must substantially increase over the next
decade to satisfy decarbonization goals, along with widespread adoption of
large-scale energy storage technologies. Retrofitting costs, estimated at $200
million or more per plant, operational expenses tied to regional electricity
prices, uncertainties with respect to grid efficiency, energy delivery and
distribution, and reduced material throughput (because of inefficiencies in
converting electricity to heat), further complicate cost competitiveness'”"'®.
While resistive heating can achieve high thermal efficiencies in laboratory-
scale setups, large-scale implementation faces significant challenges. Con-
trary to results from modeling studies, uniform heat distribution, especially
in rotary kilns, poses engineering challenges in designing industrial-scale
electrical kilns, or retrofitting existing kilns with electrical resistance heating
elements. More research and translational studies are needed in this
domain.

Inductive heating

Inductive heating is a process that utilizes electromagnetic induction to heat
electrically conductive materials. This technology operates by generating an
alternating magnetic field through a coil, which induces an electric current
(eddy current) in the conductive material placed within the field. The
resistance of the material to this induced current generates heat, allowing for
rapid, efficient, and uniform heating without direct contact with a heating
element'”. Electromagnetic heating directly converts electrical energy into
thermal energy rapidly, thereby minimizing heat loss and enhancing energy
efficiency, often shortening processing times by >50% as compared to
conventional rotary kilns. It is important to note that for materials with high
electric conductivity, induction heating is highly efficient as the electric
current is directly induced in the material to be heated. In the context of
cement manufacturing, where the cement raw meal has low electric con-
ductivity, thermal energy must be transferred indirectly through a carrier
fluid or through heat exchange from a conductive or a magnetic material .

Results from a few studies have identified induction heating as a viable
option for replacing conventional methodologies in the calcination and
clinkering processes. The ELSE project (ELSE-Phase 1)""' assessed the fea-
sibility of several electricity-to-heat methodologies, and identified induction
heating as one among the promising technologies for cement production
(though they favored resistance heating in their final analysis). A few studies
have also highlighted the potential of the use of electromagnetic induction-
based heating for limestone and clay calcination as well as cement
production’"'””. Another notable implementation of this technology is the
“Blue Cement” concept'”’, which takes a holistic approach, combining an
electrified calciner incorporating induction-based heating with carbon
capture techniques. This integrated strategy, proposed for limestone calci-
nation, aims to achieve near-zero emissions by addressing both process heat
and inherent CO, emissions from limestone decomposition. Figure 9 shows
the proposed reactor incorporating induction-based heating for limestone
calcination.

Quevedo Parra et al."”%, in their technoeconomic assessment of theo-
retical electrified scenarios, studied a fully electrified cement plant consisting
of a pre-calciner heated via magnetic induction. The assessment was con-
ducted in Aspen plus, a process simulating software, wherein the pre-
calciner was operated at 920 °C to account for higher CO, pressure. The
induction heating based pre-calciner was followed by combustion of alter-
native fuels in the rotary kiln. Their results indicate a total energy demand
(fuel + electricity) of ~4.75 GJ per ton of clinker in their electrified plants as
opposed to 3.7 GJ/ton of clinker for the reference plant. However, 2 GJ/ton
of the total energy demand of the reference plant was sourced from the
combustion of fossil fuels, whereas all the energy demand for the electrified
plants were either sourced from electrified sources or from the combustion
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Fig. 9 | Proposed reactor in the “blue cement” project incorporating induction-based
heating for limestone calcination'””. Image courtesy of: Stanford Energy Research
Consortium and Stanford University'”’.

of alternate renewable fuels. Furthermore, the simulated electrified cement
plants saw about 92.8% reduction in the total CO, emissions.

Despite its promising potential, several challenges remain to be
addressed before the technology can be upscaled. As an example, the
CemZero project” investigated the possibility of using induction heating
technology for raw meal clinkering. The researchers calcined ~25 kg raw
meal in a 9 KW high frequency induction furnace with an energy supply of
19.8 kWh. The test lasted for 3 h, which resulted in a temperature rise of
550 °C, far from that required for calcination or clinkering. Thus, the fea-
sibility of direct and indirect induction heating in increasing the kiln tem-
peratures to the required levels should be thoroughly understood. As
mentioned earlier, the low electrical conductivity of the cement raw meal
necessitates the requirement of additional conductive materials to aid heat
transfer to the raw meal. Typically, nanomaterials such as graphene are used
as conductive materials required for heat transfer, but this significantly
compromises the cost-efficiency and scalability of the technique. Another
challenge lies in the higher energy demand for induction-based systems. As
discussed, process modeling suggests that an electrified cement plant using
an induction-based pre-calciner may require a total energy input of 4.75 GJ
per ton of clinker, which is higher than the 3.7 GJ/ton required by con-
ventional fossil-fuel-fired plants'”*. Although this additional energy demand
is offset by the elimination of fossil fuel combustion, it raises cost and
efficiency concerns, particularly in regions where access to low-cost, low-
carbon electricity is limited. Moreover, the capital costs for developing and
scaling up induction-based reactors tailored for cement production remain
significantly high. From a heat transfer perspective, since the primary coil
must be cooled continuously with water or coolants to remove the internal
losses and the heat transfer from the load to the coil, maintaining thermal

efficiency remains a challenge. In conclusion, the available body of literature
indicates that, while inductive heating is likely a viable alternative for dec-
arbonizing the cement manufacturing process, current technologies must
address significant knowledge- and scale-up gaps for successful
implementation.

Plasma heating

Plasma heating involves generating a hot, ionized plasma beam by applying
electrical energy to a gas. It is typically initiated by an arc discharge between
an anode and a cathode within a plasma torch, at the same time, ensuring a
continuous flow of gas. The process of heating cement raw materials via
thermal plasma requires carrier gases like oxygen, carbon dioxide, air, steam,
or other inert gases such as nitrogen and argon (choice of the gas based on
enthalpy, reactivity, and cost), with heat transfer primarily occurring
through convection”'. For cement manufacturing using the thermal plasma-
based process, CO, can be used as the working gas since it is emitted during
the calcination process. The gas flow stabilizes the arc and defines its path by
cooling the outer layers'””. Note that only a small portion of the gas attains
the plasma state, which heats the remainder of the gas. The type and flow
rate of the gas are generally adjusted to influence the heat transfer to the raw
material to be heated. Plasma torches have substantially higher maximum
temperatures than the fossil fuel-powered flame. A typical plasma arc can
reach temperatures between 1500 °C and 10,000 °C, requiring cooling of the
electrodes to extend their service life. Tungsten and copper are the most
commonly used cathode and anode materials, respectively. Direct current
thermal plasma torches are commonly used as they can sustain more stable
and longer arcs'”. Another fundamental difference between conventional
coal-based heating and plasma-based heating pertains to heat transfer
mechanisms within the kiln since no ash and fuel particles which radiate
heat are present in the latter case'”.

Burman et al.””” investigated whether the use of plasma torches in
cement manufacturing is feasible. This work developed and evaluated a heat
transfer model for cement production in a kiln by using plasma torches.
Their results indicated that kiln operation with a plasma torch requires
much higher gas temperatures, around ~400 °C more, to achieve the desired
bed temperatures. It is to be noted that, due to the complexity, the process
kinetics was not implemented in the model developed. Similar heat transfer
models are also reported in'"*'"". In order to reduce the heat loss due to high
flue gas temperatures, these models suggest increasing the production rate of
the clinker (more material to consume heat) and tilting the plasma
(increasing heat transfer to the kiln bed). Future work involving measure-
ments or detailed computational fluid dynamics modeling of the gas and
solid phase temperatures and their distribution in a kiln is required to
optimize the process.

In the CemZero project®, a pre-feasibility study assessed the potential
for electrifying the cement production process using plasma technology for
heat transfer in a cement kiln. Various scenarios for full electrification were
simulated and assessed in a laboratory setting. It was determined that, from a
process perspective, using CO, as a plasma gas offered several advantages. It
is chemically compatible with the cement production process and helps
prevent the formation of nitrogen oxides (NO,). Moreover, their results
indicated better clinkering with CO, as the plasma gas. In conclusion, it was
recommended to explore plasma-based electrification of cement manu-
facturing on a larger scale for further investigation. The CemZero project
also considered a combination of resistive or inductive heating to meet the
heat demand in the precalciner, and plasma-based heating for clinkering in
the kiln. Here, air is the plasma gas, which is pre-heated to 3470 °C before
entering the kiln. Plasma gas is mixed with secondary air from the clinker
cooler to achieve an outlet temperature of the clinker of 1450 °C'"*. A
schematic of this process is shown in Fig. 10. Another potential benefit of
this approach where calcination and clinkering are decoupled is that the kiln
length can be considerably shortened, because of the relatively rapid clin-
kering reactions in the presence of hot plasma. It is also important to note
that while plasma heating reduces solid byproduct generation such as ash,
the introduction of high volumes of carrier gases like CO, air, or argon into
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Fig. 10 | Schematic of a cement plant incorporating
electricity and plasma technology. Adapted from
refs. 68,174.
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the system may alter the flue gas composition and flow, potentially
increasing the downstream requirements for gas cleaning, heat recovery, or
CO, separation and reuse.

In another project by the British Mineral Products Association'”, a
simulation study and a 30-min physical clinkering test was conducted at an
industrial cement kiln to evaluate the use of a plasma burner in the calciner.
The plasma burner successfully operated in the harsh calciner environment
and provided the required heat to the process, producing about 70 kW of
thermal energy. However, due to the short test duration and the limited
thermal output, no definitive conclusions could be made regarding the
effectiveness of the electrified thermal input. At an industrial scale, SaltX
Technology and SMA Mineral’s Electric Arc Calciner (EAC)", uses the
principle of plasma-based heating for zero emission quicklime (ZEQL)
production. This technology has been further elaborated in section “Scaled-
up electrified calciner and kiln designs”. Figure 11 presents a schematic of
the EAC technology used for clean quicklime production.

A significant challenge in utilizing plasma technology lies in main-
taining efficient heat transfer. When fuel and ash particles are removed, a
substantial portion of the heat—carried primarily by photons (radiation)—
is lost. To compensate, gas radiation from either air or CO, must be
employed; however, these gases exhibit varying dissociation behaviors
depending on the operation of the plasma torch. This variability inevitably
alters the radiative heat transfer to the clinker bed, necessitating precise
quantification to ensure consistent quality of the final product. It is also
worth mentioning that, if the bed temperatures are not effectively main-
tained, heating the cement raw meal to very high temperatures may produce
undesired phase transitions (such as melting or evaporation of some spe-
cies), which could affect cement chemistry, and consequently the quality
and properties of the cement. The extremely high operating temperatures of
plasma torches, which can reach up to 10,000 °C, necessitates robust cooling
systems to prevent excessive wear on the electrodes and maintain process
stability, significantly increasing energy consumption and maintenance
costs. Moreover, plasma heating requires careful control of the gas com-
position and flow rate to ensure efficient heat transfer, as only a small
portion of the gas actually attains the plasma state. Therefore, to realize
efficient application of plasma-based heating in cement manufacture, it is
recommended that focused research should include: (1) optimization of the
rate of heat transfer to the clinker bed, particularly in the burning zone; (2)
design and operational parameters for managing the net heat flux from the
plasma gas to the clinker bed; (3) quality and properties of the clinker
formed as a function of the process parameters; (4) NO, formation; (5)
controllability of the process owing to high temperatures reached by the arc;

Limestone

Quicklime

CO, for storage

Fig. 11 | EAC technology for clean quicklime production. Image courtesy of: SaltX
Technology”” and SMA Mineral™.

and (6) productivity changes resulting from changing the energy source'””.
Once the technological challenges are mitigated, it is also important to
evaluate which of the unit operations can be converted efficiently to elec-
trified technologies so as to operate efficiently in coordination with a
plasma-powered kiln.

Microwave heating

The fundamental difference between microwave (uw) heating and other
conventional heating methods is the mode of interaction with the materials
to be heated. Microwave radiation—typically used within the frequency
range of 300 MHz to 300 GHz and wavelengths of 1 mm to 1000 mm—
stimulates polar molecules within the material to oscillate; this rapid motion
results in friction and, subsequently, heat. Two dominant pw frequencies,
0.915+0.013 GHz and 2.45 £ 0.05 GHz, are widely used in industrial uw
applications''. The efficacy of the heating mechanism hinges on the

npj Materials Sustainability | (2025)3:23

12


www.nature.com/npjmatsustain

https://doi.org/10.1038/s44296-025-00068-6

Review

dielectric properties of the material; notably, the dielectric constant and the
loss factor, which dictate how well the material absorbs and converts
microwave energy into thermal energy. A major advantage microwave
heating poses over other methods is that the majority of the electromagnetic
energy (carried by the uw photons) is absorbed, and heat is generated
volumetrically, leading to a rapid rise in the material’s temperature. This
process represents a significant difference from conventional heating
methods, wherein the energy carrier—whether hot gas or a heating element
—primarily heats the surface of the material, with the bulk of the material
subsequently being heated through conduction. As uw heating leverages
electromagnetic waves that penetrate the material, causing the molecules
throughout the volume of the material to vibrate and generate heat
internally, it allows for uniform heating throughout the volume of the
material, not just at the surface. Owing to these characteristics, the generated
energy is solely absorbed by the raw material, making it the hottest part of
the system. Therefore, when employing puw heating, it is not necessary to
elevate the kiln temperatures beyond what the raw materials themselves
require according to the thermochemical demands of the process. Conse-
quently, pw heating can lead to substantial energy savings and enhanced
control over process conditions.

Some of the earliest works on microwave based cement manufacture
date back to series of experiments conducted by Quéméneur et al."**'*. The
clinkering of various raw meals was examined in these studies, where the
raw meals were subjected to microwave heating at 2.45 GHz monomode
exposure. In their initial study'®, it was reported that plasma formed near
the sample (the presence of alumina that has a high dielectric loss at high
temperatures likely played a role in initiating the plasma phase) and tem-
peratures of around 1450 °C were achieved within the sample. Qualitative
product characterization revealed that the produced clinker had comparable
properties to industrial-grade clinker. Li et al."**'** were able to successfully
produce alite (the major phase in PC, which only forms at temperatures
between 1350 and 1500 °C) and alternative cements through microwave
sintering. Their findings—based on X-ray diffraction, isothermal calori-
metry, and surface area measurements—indicate a better quality of alite
being produced from microwave sintering as compared to conventional
methods. It was also found that the sintering occurred at temperatures that
were lower by 100 °C to 150 °C as compared to those attained by resistive
heating-based methods. In another series of studies, Fang et al."**'*" also
demonstrated the feasibility of producing commercial-grade PC and
colored cements using microwave processing. Their experiments resulted in
a 100 °C reduction in clinkering temperature and preferential alite growth
due to Fe,0; acting as a microwave susceptor (since metallic additives
adsorb microwave radiation efficiently and rapidly convert them to heat
through resistive heating).

Buttress et al.'* reviewed pw processing of cement and concrete
materials and acknowledged the technical feasibility of cement production
through uw-based clinkering. However, their estimates for the energy
required to heat a clinker raw meal to 1400 °C ranged from 9.3 to 17.5 GJ/
ton at 500 W to 2000 W, significantly higher than the 3.7 GJ/ton required by
conventional pyroprocessing methods'*. This led them to conclude that
while industrial-scale pw clinkering would be more carbon efficient, it would
likely be highly energy-intensive. Vermeiren et al.”” highlighted the sub-
stantial reflection losses and the need to account for the temperature-
dependency of the dielectric properties of the raw materials—which influ-
ence how materials absorb microwave energy—to accurately predict the
efficiency and effectiveness of microwave heating. Development of an
Efficient Microwave System for Material Transformation in energy
INtensive processes for an improved Yield (DESTINY), one of European
Union’s Horizon 2020 project, utilized 915 MHz microwave technology for
continuous material processing in the cement industry'”. The overall sys-
tem was conceptualized as mobile cellular kilns (shipping container-sized)
in a modular plant'’, enabling the unique possibility of production on-site-
of-demand.

The efficiency of pw clinkering methods depend largely on raw
material properties, such as the dielectric properties, electrical permittivity,

magnetic permeability, the mode of microwave heating (monomode or
multimode), and the heating chamber characteristics such as cavity shape
and dimensions. Clinker raw meal components including limestones, clays,
and quartz exhibit low microwave absorption at room temperature, making
initial yw heating challenging without specialized equipment. However, as
temperatures rise to around 500 °C for clays and 800 °C for limestones, these
materials become efficient pw absorbers, enabling effective heating. Another
important parameter governing the efficiency of uw systems is the mode of
heating. Monomode systems focus microwave energy into a few hot spots,
achieving high local field intensities, making them ideal for fast heating of
low-loss materials like cement raw materials. However, they are sensitive to
changes in load characteristics and are limited in scalability. Multimode
systems, on the other hand, distribute energy more evenly with many hot
and cold spots, providing more flexibility for large-scale applications but
with slower and less efficient heating.

To advance pw heating technology in the cement industry, feasibility
must be validated at scale with respect to the starting materials used in
cement manufacturing, the energy demands of the process, cost and
throughput, and the resulting chemistry and uniformity of the product.
With regard to industrial upscaling, Vermeiren et al.” discuss three possible
approaches: (1) direct volumetric heating of the raw materials with
microwave radiation; (2) susceptor-assisted heating, wherein a high uw
absorbing material called the “susceptor” is added to the system, which, at
low temperatures heats the sample through resistive heating, and once the
temperature is high enough, the sample is heated via both indirect radiation
from the susceptor and direct volumetric ptw heating; and (3) a combination
of electric heating and microwave heating, which involves an initial heating
of the sample through electric heating followed by microwave heating at
higher temperatures when the hot material is able to adsorb microwave
radiation more efficiently. Studies highlight both lab-scale and pilot-scale
implementations for these three approaches but conclude that the most
feasible approach is the combination of electric and microwave
heating”"**"". Frequencies around 2.45 GHz, with power ranging from
700 W to 30 kW have been generally adopted. For clay calcination, puw kilns
have been used to achieve high feed rates (up to 40 kg/h), while maintaining
temperatures between 450 °C and 650 °C"**'"**, In limestone calcination,
susceptor-assisted heating techniques—such as silicon carbide (SiC) sus-
ceptor tubes and copper oxide coatings—show notable benefits in heating
rates and calcination efficiency'*"'*. Experiments on clinkering have used
pw enhancement to reduce processing temperatures'**'****~*"'. Applica-
tions for processing cement raw meal and sulfoaluminate cement clinker-
ization suggest potential for upscaling, as demonstrated in the DAPhNE
project’” and in the large-scale setups with batch processing sizes of ~25 kg
by Fall et al.””, which highlighted potential energy savings of ~36% and a
reduction of around 270 million tons of CO, per year in the U.S. when this
technology is used.

The major challenge inhibiting the widespread utilization of uW
technology lies in the dielectric properties of cement raw materials, which
influence how effectively they absorb microwave radiation. While
susceptor-assisted heating is a potential solution, it introduces additional
material costs and process complexities that must be optimized for indus-
trial viability. Scalability also presents a critical hurdle. While monomode
microwave systems achieve high local field intensities, they are sensitive to
changes in input load characteristics and are challenging to scale up. On the
other hand, multimode systems distribute energy more evenly but suffer
from hot and cold spots, leading to non-uniform heating and reduced
efficiency. Industrial-scale implementation requires optimized cavity
designs and heating chamber geometries to ensure consistent temperature
distribution throughout the material. Moreover, reflection losses and pro-
cess control pose additional technical barriers. A substantial portion of
microwave energy may be reflected rather than absorbed, reducing heating
efficiency and necessitating precise tuning of the microwave frequency and
power based on the material’s evolving dielectric properties at high tem-
peratures. Furthermore, when susceptors are mixed with the raw materials
to enhance microwave absorption, they may remain as residues in the
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Fig. 12 | Pathways towards utilization of concentrated solar power for industrial
applications (not specifically for cement production). Image courtesy of U.S.
Department of Energy”™".

clinker or require separation post-processing, potentially affecting product
purity or introducing additional steps for material recovery and reuse.
Economic feasibility also remains a significant concern. The high capital
costs associated with microwave generators, susceptors, and specialized kiln
modifications pose barriers to widespread adoption. Further research on
W chamber designs to enhance efficiency and process control, accounting
for the raw materials’ varying uW susceptibility, is critical for advancing this
technology in PC manufacture.

Solar heating

With the advent of cheap solar energy, solar-thermal power is a sustainable
and potentially economical alternative to fossil fuels for a number of
industrial applications including generating thermal energy required for
solid-state clinkering reactions that are part of cement manufacturing.
Concentrated solar-thermal power (CSP) technology harnesses solar energy
by using mirrors or lenses to concentrate sunlight onto a small area, creating
high temperatures that can be used to provide heat to industrial processes.
Here, the concentrated sunlight heats a heat transfer fluid (working fluid),
which in turn delivers the heat that is used for material production, or for
storage. Combined solar heat and power (CSHP) systems can generate both
thermal energy and electrical power from solar energy. The process typically
utilizes solar collectors to capture sunlight, which heats working fluids such
as water or oil, and can then be passed through the kilns to transfer heat to
the raw feed or can produce steam or vapors which are capable of driving
turbines and ultimately generate electricity. This dual output enhances
overall efficiency compared to systems that only generate electricity or heat.
The key component of both the technologies is a solar reactor, which is
responsible for the conversion of energy types. Typically, the solar reactor is
integrated with existing cement plants by the means of two designs, as
discussed by Pitz-Paal et al.*™. In the first design, known as the top of-tower
(TT) design, the solar reactor is placed on top of the existing pre-heater
tower. The advantage that this design poses over other designs is that the
optical losses are minimal****”, The second model, also known as the beam-
down (BD) design, has the solar reactor fixed on the ground. An additional
reflector is installed on top of the pre-heater tower to focus the solar
radiation on the reactor. The advantage here is that the heat transfer effi-
ciency is maintained in heating the raw materials effectively’”"".

In the available literature, CSP technology has primarily been proposed
for the calcination step in cement production, which requires temperatures
around 900 °C—sufficient for the near-complete decomposition of CaCO3
into CaO and CO,. This temperature requirement is comparatively lower
than that needed for clinkering reactions. Since the calcination step is
responsible for the majority of CO, emissions in the cement manufacturing
process, integrating CSP with CCUS technologies offers a promising path to
eliminate these emissions. Studies investigating the use of solar energy for
limestone calcination date back to the 1980s; the key among them are Badie
et al.*”, Flamant et al”"’, and Salman and Khraishi*'', where small solar

furnaces of 1-2 kKW power were used to perform thermal decomposition of
limestone. Calcination rates of 65-70% were obtained with maximum fur-
nace temperatures ranging from 600 to 1300 °C. Furthermore, Imhof*"
examined the potential for integrating solar power into a cement plant
producing 3000 tons of clinker daily. The study proposed a hybrid system
using both traditional fossil fuels and solar energy for the calcination step.
The findings suggested that incorporating solar energy could lead to a
moderate ~9% reduction in total CO, emissions.

More recently, Gonzalez et al.”" conducted a case study of the technical
and economic aspects of using solar thermal technology in the cement
production process. Three options related to the application of CSP tech-
nology into cement production were evaluated in their study, out of which
they concluded that the best solution is a central tower with a solar reactor at
the top of the tower, similar to the TT design described in Pitz-Paal et al.”".
Furthermore, their evaluation reveals that ~40% CO, emission reduction is
possible by using CSP technology in the calcination step. Moumin et al.””
proposed a solar cement plant design based on the German Aerospace
Centre’s solar calciner model, evaluating the heliostat field, and analyzing
the solar calciner’s energy balance while exploring various scenarios. The
findings revealed a CO, emission reduction potential of 14-17% through
the implementation of this technology. Meier et al.”** conducted a study on
the economic viability of using concentrated solar energy for lime pro-
duction. They examined both TT and BD solar lime plants, evaluating three
solar input levels (1, 5, and 25 MW,). Their findings indicated that only the
25 MWy, plant could achieve payback within eight years of installation, with
the potential to eliminate 95% of fossil fuel emissions in lime production.
The researchers concluded that using concentrated solar energy for small
lime plants under 5 MWy, is not economically viable unless costs can be
reduced, or higher product prices can be achieved.

CHSP technology is more suited for low-temperature domestic
applications’>*'%; however, Cemex and Synhelion set up a pilot batch
production unit in 2022 to produce clinker from concentrated solar
radiation by connecting traditional clinker production process with Syn-
helion’s solar receiver’”. Another case of the industrial application uses
computer vision to optimize the solar receivers’ position, thus allowing for
maximum energy collection throughout the day. Their technology focuses
on powering the industrial furnaces directly rather than relying on the grid,
making the manufacturing process much more conservative in terms of
emission control’”®. A schematic of the possible pathways of utilizing con-
centrated solar power (either to provide heat required for industrial pro-
cesses, to generate solar electricity, or to synthesize solar fuels) is presented in
Fig. 12.

While CSP and CSHP technologies present potential for dec-
arbonizing cement manufacturing, they are not devoid of shortcomings.
Abanades et al.”"” have highlighted key challenges that need to be overcome
in order to achieve confidence in the CST and CSHP technologies to be
implemented on a large scale. These issues include material constraints at
extreme temperatures, short particle residence times ultimately leading to
incomplete reactions, and sensitivity to raw material particle sizes. More-
over, some reactor designs suffer from batch processing limitations or
semi-continuous operation, causing inefficiencies. Heat and mass transfer
limitations can also result in non-uniform conversion and thermal gra-
dients. Directly irradiated reactors face risks of particle deposition on
optical windows, potentially causing damage. Additionally, certain reactor
types are prone to dust formation from particle attrition and may
experience clogging issues. These factors collectively impact the efficiency,
practicality, and continuous operation of solar reactors in industrial
applications.

TES and other emerging low-carbon cement manufacturing
technologies

A notable innovation in the field of decarbonization of the cement manu-
facturing process is thermal heat storage (TES) and waste heat recovery and
utilization. Beshore et al.”*’ analyzed the dry process cement plants in the
USA to identify the possible waste heat recovery sources and develop TES
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(3) on-demand or continuous delivery of heat; (4) superheated air- or steam-based
heat delivery; and (5) heat utilization in an industrial process.

based systems that can be used to generate electricity. Engin et al.”*' eval-
uated the possible waste heat recovery pathways in a cement plant and
identified: (1) kiln exhaust gases, (2) hot air from the cooler stack, and (3)
radiation from the kiln surfaces, as heat loss sources that can be considered
for heat recovery. Waste heat from these sources can either directly be used
to pre-heat the raw feed or can be recovered by means of waste heat recovery
steam generators and further be used to run turbines and generate electrical
energy.

Thermal batteries capable of storing thermal energy can be utilized to
deliver the required thermal energy for the intermediate steps of cement
production. Electrified Thermal Solutions developed thermal batteries
termed Joule Hives™ that can store thermal energy and deliver heat to
industrial processes, grid storage purposes, and can even be used as stan-
dalone batteries. Rondo Energy’s heat battery”* works on similar principles
and can be used to provide heat for industrial applications. This battery
converts low-cost, intermittent renewable electricity into high-temperature
heat using electric heating elements. This heat is stored in bricks, heated up
to 1500 °C through thermal radiation, with minimal energy loss over time.
When needed, the stored heat is released as superheated air or steam,
capable of reaching over 1000 °C. The modular, scalable design enables it to
meet the continuous or on-demand heat requirements of various industrial
processes, providing a zero-emission, cost-effective alternative to conven-
tional boilers. The process outline for the Rondo heat battery is provided in
Fig. 13. Furthermore, wide utilization of TES in developing calcined clays
(which is fast emerging as a sustainable SCM, or a component of blended
cements) is becoming an area of interest for many studies. Though partial
replacement of PC with calcined clays results in significantly lower CO,
emissions, it should be noted that the clay calcination and clinkerization
processes still rely heavily on the combustion of fuels to generate heat. The
ECoClay project”™ explores the possible utilization of renewable energy
such as wind power, and solar power, with additional integration of tech-
nologies such as TES with battery electric storage systems for the calcination
of clays.

Other innovative heating methodologies are also being used for
providing thermal energy input to the kiln/calciner. For instance,
RotoDynamic Heater (RDH), developed by Coolbrook™, generates heat
through friction and compression within a rotating tubular structure,
reaching temperatures up to 1700 °C without combustion. Its compact
design and high-temperature capability make it a promising option for
clinker production. Several large industrial players such as CEMEX,
UltraTech cement, ABB, and Shell have partnered with Coolbrook to
further the implementation of the RDH at commercial scale.

Furthermore, Self-Propagating High-Temperature (SHS) synthesis, or
combustion synthesis, is another potential technology that can be used
to develop various classes of cements. SHS, usually carried out on pel-
letized samples containing a mixture of raw materials and a bio-based
fuel, involves initiating a high-temperature reaction at a specific point
or volumetrically, which releases significant energy that propagates
through the material autonomously, eliminating the need for external
heat sources’ . Through SHS, the duration and energy of the
synthesis process can be reduced. Another key advantage this process
has over conventional process and other electrified processes is that the
synthesis can be carried out at much lower operational temperatures
(~450°C) as the synthesis reactions proceed owing to the intrinsic
energy release from the combustion of biofuels that ignite at ~450 °C.
Agrawal et al.””’ applied this technology for the calcination step in
cement manufacturing, achieving a reduction in the energy use by over
50% as opposed to the conventional calcination process. Heat transfer
modeling of SHS-based limestone calcination demonstrated tempera-
tures of ~1350 °C internally in the sample, which strengthens the fea-
sibility of the utilization of this technique for cement production”***.
While SHS is a potentially carbon- and energy-efficient method for
synthesizing cement, the process flow and unit operations are sig-
nificantly different from conventional cement manufacturing. How-
ever, if the limestone calcination stage can be electrified using any of the
technologies described in this paper (with or without attendant CCUS),
the energy-consuming and large-footprint kiln in a cement plant could
be replaced by a smaller SHS reactor, providing a viable option for
retrofitting of existing infrastructure for low-carbon cement
manufacturing.

Scaled-up electrified calciner and kiln designs

In conventional cement production, calcination of limestone occurs pri-
marily in a pre-calciner, typically heated by exhaust gases, while the clin-
kering reactions take place in a rotary kiln fueled by combustion of natural
gas or coal. Some plants also employ vertical shaft kilns for calcination of
both limestone and raw meal. As electrified heating technologies continue to
evolve, a critical consideration for their feasibility is the efficiency of heat
transfer to the raw materials and their net carbon reduction potential. These
aspects depend heavily on factors such as the heat transfer coefficient of the
heating chamber and the effective surface area available for heat exchange.
Therefore, the development of efficient, scalable, and reliable electrified
calciner designs will be a key driver for the cement industry’s transition
toward more sustainable production methods.
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Fig. 14 | Design of an externally heated batch fluidized bed reactor for calcination.
Adapted from Schwing Technologies™.

To keep the discussions succinct, the terms “kilns” and “calciners” are
generically termed “heating chambers” in this section which examines
various commercial and pre-commercial electrified heating chamber
designs. The discussion predominantly focuses on heating chambers that
use resistance heating elements, as their designs are generally similar to other
electrification methods such as inductive, microwave, or solar heating. Note
that the scaled-up systems actively under consideration are for the calci-
nation sub-process in cement manufacturing, since electrified technologies
still need to overcome major challenges to get to temperatures high enough
for clinkering. The designs based on plasma technology are treated sepa-
rately due to the need for carrier gas to transfer heat to the raw materials, as
well as their potential to facilitate clinkering reactions.

Based on their orientation, heating chamber designs can be broadly
categorized into vertical and horizontal configurations™. Vertical designs
include drop tube calciners, entrainment calciners, shaft kilns, and fluidized
bed calciners, while rotary kilns and tunnel calciners represent horizontal
designs. The drop tube calciner, similar to the entrainment calciner, features a
vertical tube where raw meal is dropped from the top and calcined as it
descends™". This design has been employed in the LEILAC” project at a pilot
scale, handling feed rates of up to 40 tons per hour. However, scaling this
technology to meet the production requirements of a typical cement plant
would necessitate a number of drop tubes and heating elements, which would
result in substantial heat loss due to the increased surface area, increased
complexity, and the need to maintain uniformity in all the drop tubes. The
limited contact time between particles and heating surfaces also reduces heat
transfer efficiency, making the industrial-scale feasibility of an electrified drop
tube calciner challenging. In contrast, tunnel calciners comprise a horizontal
chamber through which raw meal is conveyed—typically on belts or within
troughs—while radiant heat is supplied by heating elements positioned

above. This configuration offers improved control over residence time;
however, the static nature of the raw meal within the tunnel calciner sig-
nificantly hampers heat transfer efficiency. With conduction serving as the
primary mechanism for heat penetration into the deeper layers of the
material, the process struggles to achieve optimal thermal performance.

Rotary calciners have undergone extensive modifications to allow for
electrification, with designs featuring both external’” and internal
heating™”’, corresponding to indirect and direct heating as discussed in an
earlier section. In externally heated rotary calciners, electrical heating ele-
ments surround the rotating cylinder, transferring heat through the cylin-
der’s shell to the raw meal inside. While the rotary calciner is relatively
simple and easily scalable, externally heated versions suffer from significant
heat loss through the cylinder’s surface, necessitating expensive, high-
temperature-resistant materials. Internally heated rotary calciners, on the
other hand, place the heating elements directly inside the rotating cylinder,
improving heat transfer efficiency. However, this design presents
mechanical challenges, as the heating elements must endure the abrasive
and dusty conditions inside the calciner. Nonetheless, experimental studies
have achieved calcination rates of up to 95% with this approach.

Among the various designs, the fluidized bed calciner offers the highest
heat transfer efficiency due to the excellent mixing of particles in a fluidized
state™. In this configuration (an example shown in Fig. 14**), raw meal
particles are suspended in an upward-flowing gas stream, promoting effi-
cient heat and mass transfer. One challenge with fluidized bed calciners is
the poor fluidization behavior of fine raw meal particles. However, research
has demonstrated that mixing raw meals with coarser inert particles can
significantly improve fluidization quality. Computational particle fluid
dynamics simulations™* have also supported the viability of this concept
under hot flow conditions, making the fluidized bed design one of the most
efficient options for effective heat transfer.

Several commercial projects are actively pursuing electrification in
cement production. The LEILAC (Low Emissions Intensity Lime And
Cement) project’” has contributed valuable insights into the potential of
electric heating in cement production. While primarily focused on carbon
capture, the project’s pilot plant in Belgium has explored electric heating
options for calcination, demonstrating the feasibility of direct separation of
CO, from calcination using electrically (indirectly) heated steel vessel. They
employed a direct separation vertical reactor, similar to a drop-tube, which is
heated via electricity or alternate fuels. The heat from a furnace is radiated
into the calciner tube, releasing CO, trapped in the raw material. A com-
bination of resistive element heating along with other heating technologies
(e.g., biomass, hydrogen) has also been deemed as a more flexible option if
the logistical and economic demands can be met. The calciner can be scaled
for increased production using a modular array of steel tubes. The LEILAC
technology, along with conceptual integration of the LEILAC system in a
cement plant is shown in Fig. 15. LEILAC claims this technology can be used
as a retrofit strategy and integrated into existing cement plants. The tech-
nology is also capable of switching energy sources to enable grid load bal-
ancing. LEILAC is implementing their technology at a commercial scale in
selected cement plants in Germany, Poland, and the U.S*”.

Another notable development is SaltX’s Electric Arc Calciner (EAC),
adaptable for several industries, which uses electric arc technology to gen-
erate the high temperatures needed for limestone calcination. The electric
arc creates a plasma environment for rapid heating of raw materials,
potentially reducing the residence time compared to other methods. ZEQL
is SaltX’s fully electrified quicklime plant, which includes a calcination unit
and a carbon capture unit™*. However, challenges such as electrode wear
and process control are critical issues that remain to be addressed in scaling
up of the process. As described earlier, uncontrolled plasma heating could
result in unwanted phase changes and a poor-quality product.

Insights from technoeconomic analysis towards
advancing the adoption of electrified technologies
While extensive experimental and limited scaled-up feasibility studies have
demonstrated the potential of both electrochemical methods and alternative
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heating technologies in decarbonizing the cement industry, widespread
adoption of these technologies ultimately hinges on their scalability and
economic viability in a competitive market. A thorough understanding of
the technoeconomic landscape is crucial as it not only informs policy
initiatives and investment decisions, but also identifies key cost drivers that
require targeted innovation to enable market penetration. Technoeconomic
analysis (TEA) generally follows the schematic process outlined in Fig. 16.
The first step in TEA of any process involves designing the process flow,
which provides a detailed representation of the sequence of operations,
equipment needs, and material flows within the system. This design is
typically created using process simulation tools, such as Aspen Plus or
ECLIPSE, based on experimental data and/or theoretical/numerical models.
The process flow diagram includes all major components such as reactors,
separators, heat exchangers, and utilities, as well as input-output streams of
raw materials, intermediates, and products. Assumptions such as steady-
state operating conditions, negligible impact of secondary reactions, and
ideal mixing conditions, are often made to ensure practical and computa-
tional feasibility of the analysis. The input data to the process simulation
models include the reaction kinetics, mass and energy conversion rates,
equipment specifications, and operational constraints, alongside economic
variables including current market prices of raw materials, energy costs,
labor expenses, and potential revenue streams. Next, mass and energy
balance are conducted, ensuring that all inputs and outputs are accounted
for within the process boundaries. This step helps estimate resource con-
sumption, product production, and emissions, which gives insights into the
efficiency of the process at industry-scale. Cost analysis in TEA involves
estimating both capital expenditures (CAPEX) and operating expenditures
(OPEX), along with requisite additional metrics. In the context of cement
production, CAPEX includes initial investments in infrastructure, equip-
ment procurement, installation costs, and infrastructure development.
OPEX encompasses ongoing costs such as raw material procurement,
energy consumption, maintenance, labor, and administrative expenses. For
cement production specifically, the cost of clinker or cement per ton and the
CO, emission per ton are crucial metrics relating to economic and envir-
onmental efficiency of the process.

The following subsections provide a succinct economic analysis for
some of the electrolysis-based methods and electrified heating technologies
for cement manufacture which have been presented in the previous sections.
The section focuses on an overview of economic analysis of the technologies
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Fig. 16 | A template demonstrating typical technoeconomic analysis outline for a
manufacturing process.

that have shown promise, rather than a detailed evaluation and critique of
the TEA process.

Electrolysis-based cement production

The electrochemical cement production paradigm faces substantial tech-
nological and economic challenges, primarily stemming from significant
capital investments and scalability concerns. Key cost drivers include the
complex designs of electrolyzer and the ability to provide high throughput,
advanced membrane functionality, optimization of catalytic systems, and
the need for durable, wear-resistant components. Furthermore, the process
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exhibits a notably high energy demand for limestone electrolysis, ranging
from 5.9 to 11.2 GJ per ton of cement’"'**”’. This demand corresponds to
the production of one ton of high-purity portlandite as follows: 6.5
GJ-Zhang et al.”, 6.9 GJ-Miao et al., 7.2 GJ-ZeroCAL process™, and 10.7
GJ-Ellis et al.”. These numbers are two to four times higher than the U.S.
average energy demand for conventional cement production™.

To address these energy demands, recent studies™*"'’***' have reported
TEA of strategies that utilize gaseous byproducts of electrolysis as energy
sources. One approach involves using the O, stream for oxy-fuel combustion
of alternative fuels, in conjunction with H, combustion for indirect kiln
electrification. A recent analysis™' estimated that producing O, via electro-
lysis could cost as low as $13 per ton when transported via pipelines, com-
pared to $49 per ton from traditional air separation units. The combined use
of O, and H, has the potential to lower electricity consumption by ~55%, and
reducing the energy demand to 4.8 GJ per ton of clinker in a fully electrified
cement plant'. Additionally, a promising scenario presented by Lu et al.**
demonstrated that wollastonite-based cement production (where there is no
emission of CO,) could achieve a lower energy demand of 3.96 GJ per ton of
cement. However, consistent cement production using this method faces
challenges due to the reliance on a stable supply of O, and H,, especially
when depending on variable renewable energy sources. Addressing these
supply issues is crucial for achieving the stability required for large-scale
industrial implementation of electrochemical cement production.

The most important advantage of electrolysis-based cement produc-
tion lies in its potential to drastically reduce emissions. Electrolysis, coupled
with electrified kiln heating methods or gaseous by-product energy sources
offer transformative pathways to decarbonize cement production, likely
achieving >90% reduction in process-related CO, emissions without the
need for CCUS'®**7**, This approach results in an overall simplification of
the decarbonization process, which is crucial in ensuring translation of
technologies at-scale. Importantly, the economic feasibility of this transition
will be greatly enhanced if low-cost renewable energy is abundantly avail-
able, as demonstrated by Liu et al.*. A complementary strategy involves
capturing and utilizing pure CO, from limestone calcination, which further
enhances the economic and environmental benefits of electrolysis-based
cement manufacturing. This method is particularly advantageous for
existing cement plants, as it offers a cost-effective route for decarbonization
without requiring capital-intensive infrastructure needed for new plants.

Economic projections®**** suggest that electrochemical cement pro-
duction could achieve cost parity with conventional methods when sup-
ported by carbon pricing mechanisms like carbon taxes, which are taking
shape in several economies across the globe. Transitioning to electrified
production with partial use of green H, for kiln heating offers a viable path to
decarbonization, which is reported to reduce emissions by up to 80%
compared to conventional methods”. Total reduction of emissions is a
distinct possibility when all the manufacturing and auxiliary sub-processes
are entirely powered by renewable energy’**"***. Furthermore, this shift has
the potential to align the net present value of decarbonizing cement, creating
a globally sustainable construction industry. Despite the technological,
scale-up, and economic challenges that researchers and industry are
working hard to overcome, electrochemical means of cement production
paradigm represents a promising solution to deeply decarbonize the cement
industry™”’.

Alternate heating technologies for cement production

Recent economic analysis indicates that, while having the potential to reduce
the CO, emissions by 95-100%, electrification of the process-heat source
results in a 95-113% increase in the cost of clinker (COC)**, when CAPEX,
OPEX, and electricity, fuel, and CCUS costs are considered. The cost of
electricity and OPEX are reported to be the major contributing factors to the
increased COC, which in the absence of structured incentives, will drive the
industry away from the adoption of decarbonization technologies. Fur-
thermore, the CO, abatement costs, or the cost of avoided CO, (CAC),
typically lies between $69 and 94 per ton of CO,™*. While this number is
higher than that for other decarbonization strategies such as material

efficiency and circularity, and CCUS alone ($45 per ton of CO, on average),
electrification of process heat generation still holds the potential for net-zero
cement manufacturing provided the knowledge and implementation bar-
riers elucidated in the previous sections are overcome.

Though TEA results are highly dependent upon the use-case that is
modeled, geographic conditions, and the initial assumptions used, a few of
them are presented here to provide the economic contexts under which the
technological advancements become implementable at-scale. CAPEX esti-
mates for implementing resistive heating in a cement plant are largely
dependent on the retrofitting costs of the required sub-processes, and range
between $50 million and $215 million depending on the size of the cement
plant®*'*". The OPEX structure for resistive heating-based cement plants is
dominated by electricity costs, which typically account for ~70% of total
operational expenses. At current average industrial electricity prices in the
U.S., the operational costs are reported to be in the neighborhood of $100
per ton of cement produced***** (note that this is roughly half the market
price of cement). This is at least 30-40% higher than that of conventional
fossil fuel-based production. It is therefore imperative that industrial elec-
tricity costs should drop substantially for the electrical resistance-based
methods to achieve cost parity. The COC produced using resistive heating-
based method is currently estimated to be approximately twice as that made
using conventional fossil-fuel driven production, primarily due to the high
energy requirements associated with electrified heating”. Despite these
challenges, resistive heating technologies combined with carbon capture
methods that redirect CO, to other businesses and lead to significant CAC
values could enable the industry to achieve desired levels of economic cer-
tainty by offering competitive COC values.

Inductive heating systems present a different economic challenge,
characterized by higher initial investment but potentially lower main-
tenance costs. The CAPEX overhead for inductive heating systems is esti-
mated at $190-300 million for a 1 million ton annual capacity cement plant,
which is approximately 40% higher than resistive heating systems for the
same plant size, in most cases”'”. With electricity consumption of
~2.8-3.2 GJ per ton of clinker, the OPEX structure for inductive heating-
based cement production could be 15-20% lower than resistive heating-
based methods™'”". The COC and CAC for inductive heating-based
methods will be at-par with those for the resistive heating-based methods,
with prices being on the higher end if substantial indirect heating infra-
structure is required®®.

Based on the CemZero report™ which conducted an economic analysis
for a cement plant with a production capacity of 1.3 million tons per year
incorporating plasma-based heating and CCS, the CAPEX overhead for
plasma heating is estimated at approximately $320 million. This figure is
considerably higher than the CAPEX associated with resistive and inductive
heating technologies for a plant of the same scale. Plasma-based manu-
facturing is also a very electricity-intensive operation (which accounts for
~75% OPEX costs), resulting in total OPEX ranging from $100-130 per ton
of cement produced®. The COC for plasma heating based-cement pro-
duction is ~70-93% higher than the conventional methods; however, the
CAC for plasma heating is reported to be highly competitive at $82 per ton
of CO,'"*. This value is applicable for the cases where CO, is used as the
carrier gas. However, the CAC estimates become significantly higher if other
gases are used for heat transfer. However, plasma-based production has
the capability to produce cement in an ultra-fast manner, thereby
making the productivity enhancement pay for a part of the high CAPEX and
OPEX. The high OPEX in this case, which accounts for the high COC,
necessitates the availability of cheap, abundant, and unobstructed renewables-
based electricity for the plasma-based production to be economically viable.

Microwave heating-based cement manufacturing is reported to pre-
sent moderate capital costs but significant operational costs and
challenges®. The CAPEX for microwave heating systems is estimated at
$195-250 million overhead for a 3 million ton annual capacity cement plant,
positioning it between resistive and inductive heating in terms of initial
investment'>. The primary capital costs are associated with microwave
generators, waveguides, and specialized reactor designs. Owing to the low
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raw materials heating efficiency, microwave heating-based cement pro-
duction poses higher COC compared to other heating technologies and the
CAC remains competitive only in regions with affordable, renewables-based
electricity.

Solar heating-based cement production is also reported to be capital
investment intensive; however, it presents a low operational cost structure in
the places where solar-power is abundant. CAPEX overhead for solar
heating installations ranges from $215-320 million” for typical 1-2 million
ton per year plants, largely due to the high cost of solar concentrators and
necessary thermal storage solutions. OPEX values are estimated to range
from $60-80 per ton of clinker®, which is substantially lower than the other
electrified heating options. In high solar power-intensive geographic loca-
tions, solar based heating presents highly competitive COC and CAC values.

A concise summary of the electrified heating technologies is presented
in tabular form in Table 2. The foregoing discussion indicates that resistive
heating could be an attractive option for near-term implementation, given
its lowest CAPEX and OPEX among the technologies examined, as well as
technology maturation. However, there are still unresolved challenges
related to the serviceability of heating elements in the harsh kiln environ-
ment. Plasma heating, despite having higher CAPEX and OPEX, offers the
advantage of consistently providing high temperatures and the potential
recyclability of CO, from limestone calcination as the plasma gas. Its eco-
nomic viability could improve significantly with technological advance-
ments, particularly in electrode longevity and the advent of cheap electricity
from renewables. Microwave heating presents an interesting case with mid-
range costs, but its practical implementation faces challenges due to the poor
microwave absorption of cement raw materials. Solar heating, while having
the highest CAPEX amongst the options considered, offers the potential for
near-zero direct CO, emissions and long-term operational cost stability in
the regions with solar power abundance. It is important to note that these
technologies are at various levels of readiness, and their economic profiles
are likely to change as technologies mature. One common thread in all of
these is that the economic and environmental viability of these technologies
are highly dependent on renewable electricity availability and cost. Fur-
thermore, carbon pricing, incentive structures, and regional policy frame-
works will play a key role in scaled-up applications and translation of
electrified technologies. Future cost reductions through technological
advancement and economies of scale, combined with the adoption of
increasingly stringent carbon regulations by governments and agencies,
could significantly improve the chances of large-scale adoption of electrified
cement production technologies.

Perspective and summary on electrification for deep
decarbonization of cement manufacturing

Cement production remains one of the largest contributors to global CO,
emissions, accounting for nearly 8% of all anthropogenic emissions—a
staggering figure that underscores the urgency of developing transformative
technologies for deep decarbonization. While traditional approaches have
relied heavily on incremental improvements, it is increasingly clear that
radical innovation is necessary to address the dual challenges of carbon
emissions and energy intensity in cement manufacturing. High-risk, high-
reward pathways—such as electrochemical synthesis of cement precursors,
novel carbon-efficient raw materials, and CCUS—are emerging as pro-
mising alternatives, yet their success hinges critically on electrification
technologies powered by renewable energy sources.

Electrification strategies offer a unique opportunity to decouple cement
production from fossil fuel dependence, particularly when paired with
carbon-free or carbon-efficient precursor production methods. Advanced
electrolysis approaches—ranging from aqueous electrolysis to solar-thermal
and seawater-based variants—show significant potential to reduce emis-
sions by as much as 60%, enabling the synthesis of low-carbon precursors
like lime or portlandite. Similarly, alternative heating technologies, includ-
ing resistive, inductive, solar, plasma, and microwave heating, offer path-
ways for achieving the extreme temperatures required for clinker
production. However, each of these solutions faces distinct challenges: the

Table 2 | Summary of the electrified heating technologies

Additional Remarks

Techno-economic Indicators

Scale-up Feasibility

Lab-scale Feasibility

Technology

Promising retrofit option to existing kilns

Low CAPEX among electrified methods; high

OPEX dominated by electricity costs.

Feasible but with challenges such as uniform heat distribution

in rotary kilns.

Proven effective at lab-scale; high thermal
efficiency.

Resistance

Indirect heating method; faces thermal

efficiency challenges.

High CAPEX; moderate OPEX, potentially

lower than resistive heating.

Feasible, but significant knowledge and scale-up gaps;

Demonstrated indirect heating effectiveness at
lab-scale; requires conductive elements.

Induction

difficulty achieving required temperatures without conductive

elements.

Capable of rapid production; high

High CAPEX; high OPEX predominantly due to

electricity use.

Feasible, but requires significantly higher gas temperatures

and has challenges in consistent heat transfer.

Proven effective in lab settings; high heating

capability (150010000 °C).

Plasma

productivity can partially offset high costs.

Susceptor-assisted heating necessary
but introduces complexity and costs.

Moderate CAPEX; high OPEX due to

Challenging scalability due to dielectric properties of raw

Demonstrated at lab-scale; effective in reducing

processing temperatures.

Microwave

operational inefficiencies and reflection losses.

materials, reflection losses, and cavity design complexities.

Optimal in regions with abundant solar

resources.

High CAPEX; possibly the lowest operational

costs among electrified methods.

Feasible but dependent on geographic solar availability and

requires substantial solar infrastructure.

Proven lab-scale effectiveness using
concentrated solar-thermal systems.

Solar
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immense energy demand, supply-chain bottlenecks that could prohibit or
limit the use of certain materials or technologies in certain areas of the world,
technical limitations in achieving thermal uniformity and peak tempera-
tures at scale, and prohibitive capital costs remain barriers to widespread
industrial implementation. Moreover, risks presented by these novel tech-
nologies in cement production are exacerbated by the extremely high capital
costs (~$1B for a 1 million tons per year plant) and opportunity costs
resulting from downtime needed to maintain and service these new tech-
nologies; a representative 1-1.5 million tons per year plant could represent ~
$100-200 million in opportunity costs if they experience a downtime of
one year.

Addressing these challenges will require the convergence of material
science, energy systems engineering, and advanced modeling approaches.
Innovative refractory materials that enhance thermal efficiency under non-
uniform heating, coupled with improved electrode and electrolyte designs
for electrolysis systems, are critical for overcoming current technical bot-
tlenecks. Hybrid heating systems, integrating renewable electricity with
supplemental methods like plasma or microwaves, could provide a prag-
matic bridge between conventional and fully electrified processes. Fur-
thermore, advanced control systems leveraging real-time monitoring and
multiphysics modeling—spanning electrical, chemical, and fluid dynamics
—will play a pivotal role in optimizing energy efficiency and process relia-
bility, and are likely to be critical components of a low-carbon cement
manufacturing ecosystem.

The electrification of materials manufacturing holds immense promise
for reducing carbon emissions; however, this transition can only achieve its
full environmental potential if electricity production itself becomes sus-
tainable. Materials manufacturing processes—especially cement production
—are highly energy-intensive, demanding reliable and continuous power
supplies. To meet this demand sustainably, renewable energy sources such
as solar, wind, hydroelectric, and geothermal must be integrated at scale into
the energy grid, complemented by advancements in energy storage tech-
nologies like batteries or green hydrogen. These solutions not only dec-
arbonize power generation but also align with long-term goals of net-zero
emissions. However, the intermittency of renewable energy sources remains
a major challenge. Without robust energy storage solutions, fluctuations in
power availability could introduce instability into cement manufacturing
operations. Additional challenges such as the need for substantial grid
infrastructure upgrades, and the geographic mismatch between renewable
energy availability and industrial hubs exist. Moreover, the cost of transi-
tioning to renewable power—alongside the development of technologies to
improve energy efficiency within manufacturing—is often prohibitive
without supportive policies and incentives. Addressing these challenges
requires collaborative efforts among governments, industry leaders, and
researchers to create a resilient, sustainable, and equitable energy system
capable of powering the material foundations of modern society while
minimizing environmental harm.

Looking forward, the pathway to decarbonizing cement manufactur-
ing lies at the intersection of technological innovation, renewable energy
integration, and systems-level optimization. Pilot-scale demonstrations will
be instrumental in addressing economic and operational uncertainties,
while fostering collaboration between academia, industry stakeholders, and
policymakers will ensure the translation of these breakthroughs into scalable
solutions. By investing in electrification technologies and their enabling
systems, the cement industry can pave the way for a cleaner, more sus-
tainable future—one where deep decarbonization is not merely aspirational
but achievable.
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