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Abstract

The cement industry is one of the most challenging sectors to decarbonize due to the
coexistence of high-temperature thermal demand and process-related emissions from
limestone calcination. This study presents an energy and emissions assessment of cement
manufacturing based on representative mass and energy balances derived from literature
benchmarks and industrial operating data. Typical cement production requires 2.8-3.6 GJ
of thermal energy and 80-120 kWh of electricity per tonne of final product, resulting in total
emission in the range 500-850 kg CO, /t cement, of which 55-65% originate from clinker
calcination. Moving from this baseline, possible decarbonization pathways are evaluated,
including energy efficiency improvements, clinker substitution through supplementary
cementitious materials use of alternative fuels, electrification, hydrogen utilization and
carbon capture technologies. The analysis shows that energy efficiency measures provide
relatively limited reductions (10-30 kg CO, /t cement), while alternative fuels and clinker
substitution can achieve larger but still partial benefits. Hydrogen emerges as a promising
option for decarbonizing the combustion-related share of emissions, with a potential
reduction ranging from 50 to 200 kg CO, /t cement, particularly when integrated with oxy-
fuel combustion systems. Deep decarbonization ultimately requires carbon capture and
storage (CCS), the only technology capable of addressing the substantial process emissions
inherent to clinker production and use of hydrogen can be relevant too.

Keywords: cement production; energy consumption; industrial decarbonization; hydrogen
utilization; carbon capture and storage

1. Introduction

Cement production represents one of the fundamental pillars enabling urbaniza-
tion, infrastructure expansion, and economic growth. With global output exceeding
4 billion tonnes in recent years, cement manufacturing is largely concentrated in emerg-
ing economies, where rapid population growth and increasing demand for infrastructure
continue to drive consumption. This sustained growth underscores the urgent need to
decarbonize cement production while preserving its essential role in supporting future
economic and infrastructure development [1].

The cement industry, with its high thermal energy requirements and complex emis-
sions profile arising from both fuel combustion and process-related reactions during clinker
production, faces significant challenges in pursuing decarbonization policies. While re-
ducing emissions is a primary goal, the sector’s inherent complexity and relatively low
profit margins necessitate careful balancing of environmental objectives with operational
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reliability and economic feasibility [2]. Consequently, significant research has focused
on improving the understanding of cement manufacturing from both process and en-
ergy perspectives [3,4], while also exploring viable decarbonization pathways [5,6]. This
growing body of work has established energy consumption, process efficiency, and CO,
emissions as key performance indicators for assessing the effectiveness of mitigation
strategies [7,8]. Energy use in the cement industry is predominantly thermal, accounting
for approximately 60-70% of total consumption, with natural gas as the main fuel, while
electricity covers the remaining share, for mechanical and auxiliary processes [9,10]. Bench-
mark data available in the literature and industrial surveys indicate a broadly consistent
distribution of energy demand among modern cement plants, providing a representative
overview of the sector’s energy consumption and associated CO, emissions [11].

A common assumption in the energy transition debate is that industrial decarbonisa-
tion can be achieved solely through electrification. While this approach is highly effective
in several sectors, its application becomes considerably more challenging when applied
to energy-intensive industries requiring high-temperature process heat and generating
unavoidable CO; process-related emissions. In these hard-to-abate sectors, decarbonisation
cannot be reduced to a single technological solution. The cement industry clearly illustrates
these constraints. Clinker production requires process temperatures exceeding 1450 °C
while simultaneously generating substantial process-related CO, emissions.

Against this background, this paper provides an energy-based assessment of the
cement production process and evaluates the principal decarbonization pathways currently
under development. It first establishes an energy baseline for clinker production and then
assesses the potential contribution of the main decarbonization strategies. The assessment
progresses from simpler measures, such as energy efficiency and fuel substitution, to
more structured approaches, including raw material modifications, process electrification,
and integration of low-carbon energy carriers. The discussion reviews energy efficiency
improvements in kiln systems, the growing deployment of alternative fuels and biomass,
process electrification, and the development of low-clinker and alternative cementitious
materials [12,13].

This paper adopts such a systemic perspective, investigating cement decarbonisa-
tion evaluating the potential contribution of different technological pathways within an
integrated transition framework. Emphasis is also placed on the potential role of hy-
drogen as a low-carbon energy carrier and on carbon capture technologies, which are
considered primarily as longer-term, complementary solutions. The analysis highlights
how a combination of incremental and advanced strategies can support the progressive
decarbonization of a sector traditionally regarded as hard-to-abate, while recognizing that
economic constraints may limit the practical implementation of some measures.

The paper critically examines several innovative options, including the use of alterna-
tive fuels, the use of hydrogen, including co-firing with natural gas through injection into
burners, the electrification of processes through renewable sources, and the adoption of
carbon capture and storage (CCS) technologies. The solutions are analyzed considering
their emission reduction potential, technological readiness level (TRL), technical and eco-
nomic feasibility, and scalability. The final objective is to provide a critical and systematic
overview of the pillars on which the ecological transition of the cement industry can be
based, in line with the Net Zero Emissions by 2050 scenario outlined by the International
Energy Agency and with global climate change mitigation objectives.

This paper argues that deep emission reductions require the coordinated implemen-
tation of multiple strategies simultaneously addressing energy consumption, fuel supply,
material efficiency, and carbon management. The novelty of the proposal contained in the
present paper concerns the role of hydrogen in cement production, that goes beyond simple
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fuel switching. Its production via electrolysis yields oxygen as a co-product, enabling
oxy-fuel kiln operation and higher CO; concentration in flue gases. This creates a natural
synergy with CCS technologies, improving their efficiency. In this perspective, hydrogen
acts as an integration vector linking renewable electricity, high-temperature heat, and CCS
for decarbonization.

The paper is organized into six sections. After the introduction Section 2 describes the
cement production process, presenting both the plant architecture and the main stages of
the production cycle. Section 3 focuses on the energy analysis of cement manufacturing,
highlighting the major energy flows and consumption patterns. Section 4 reviews the prin-
cipal strategies currently available for the decarbonization of the cement sector. Section 5
discusses these strategies in greater detail, with attention to the potential role of hydrogen
as a decarbonization vector. Finally, the main findings and conclusions of the analysis
are presented.

2. Cement Production: Plant Configuration and Process Flow

Cement is one of the most widely used construction materials and plays a fundamental
role in determining the mechanical performance and durability of concrete structures.

The main products of cement sector are white cement, clinkers, other hydraulic ce-
ments, aluminous cement, slag cement, superphosphate cements [14,15].

The global production of cement has shown a nearly continuous growth trend since
the 1950s, when it stood at around 0.1 billion tonnes (approximately 100 million tonnes). In
the following decades, the industry experienced strong expansion, reaching about 1 billion
tonnes by the mid-1980s. This growth trend continued significantly in the subsequent
decades, reaching approximately 4 billion tonnes in the period 2020-2025. Only in recent
years has a tendency toward market saturation emerged, with slower and less pronounced
growth compared to the past. The overall production trend is illustrated in Figure 1.
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Figure 1. Historical trend of global cement production in the period 19502025, (data rearranged by
the authors from [1].

According to the European standard classification, common cements are divided into
five main categories (CEM I to CEM V) based on their clinker content and the type and
amount of mineral additions, such as blast-furnace slag, pozzolanic materials, limestone,
and silica fume. The compositional differences significantly influence the properties of the
cement, including strength development, heat of hydration, resistance to chemical attack,
and durability; so, each cement type is suitable for specific structural and environmental
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conditions. Table 1 summarizes the main types of cement, highlighting composition and
main characteristics. The global distribution of the different types of Portland cement is not
clearly defined due to differences among regulatory systems and the heterogeneous ways
production data are reported.

Table 1. Classification of common cements: composition and main performance characteristics.

Cement Type Constituents Main Characteristics

CEMI Clinker (95-100%); High mechanical strength
(Portland Cement) additional constituents and rapid strength
(0-5%) development
CEM II Clinker (65-94%), s

(Portland-Composite slag, silica, pozzolana, Good workability anc.l
Cement) limestone moderate heat of hydration
CEM I1I Clinker (5-64%), High resistance to chemical

(Blast-Furnace Cement)

granulated blast-furnace
slag

attack (sulfates) and low
heat of hydration

CEM 1V
(Pozzolanic Cement)

Clinker (45-89%),
natural or industrial
pozzolana

Excellent durability, high
resistance to chemical
attack, improved

watertightness
CEM V Clinker (20-64%), High durability, and
(Composite Cement) blast-furnace, slag, resistance to aggressive
p pozzolana environments

Cement production takes place in four stages:

1.  Extraction and preparation of raw materials: Limestone and clay are extracted,
crushed, and blended to obtain a homogeneous mixture.

2. Heating in the kiln: the mixture is heated in a rotary kiln at about 1450 °C, producing
clinker, small solid nodules.

3. Grinding: the clinker is finely ground together with gypsum and additives.

4.  Final product and distribution: the result is cement powder, which is stored, packaged,
or transported in bulk to construction sites.

Cement production begins with the selection and preparation of raw materials. The
main components are limestone, clay, and corrective materials, sometimes supplemented
with industrial by-products such as slag or fly ash. The composition and quality of raw
materials directly affect both the chemical properties of the clinker and the performance of
the final cement. Modern cement plants mostly use the dry process, in which raw materials
are ground and homogenized as dry powder. Semi-dry and wet processes exist but are less
common due to higher energy consumption.

Once selected, the materials are crushed, mixed, and finely ground to form the raw
meal. Crushing reduces the particle size of rocks, while homogenization ensures a uniform
chemical composition, crucial for kiln stability. Grinding in raw mills produces a fine pow-
der that facilitates the subsequent chemical reactions during clinker formation. The quality
of this stage significantly influences the efficiency of clinker production and the final prop-
erties of cement. The clinker production stage is the most critical in cement manufacturing.
Raw meals pass through a preheating tower and a precalciner, where it is gradually heated
by hot gases from the kiln. This preheating initiates partial decomposition of limestone
(CaCO3 — CaO + CO,) before entering the rotary kiln, reducing fuel requirements and
stabilizing the process. In the kiln, temperatures exceed 1400 °C, and chemical reactions
lead to the formation of clinker minerals such as alite, belite, aluminate, and fer-rite. The
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material typically remains in the kiln for 20-90 min, depending on process conditions.
After firing, the clinker is cooled to stabilize the mineral phases and recover thermal energy,
preparing it for grinding. Following cooling, clinker is ground together with gypsum
and supplementary cementitious materials (SCMs) to produce the final cement. Grinding
takes place in ball mills or vertical roller mills, which allow precise control of particle size
distribution and cement properties.

This step determines the setting time, early strength, and long-term performance
of the cement. Different formulations produce various types of cement, with specific
performance characteristics, as in Tables 1 and 2. The overall cement plant can be visualized
as a continuous material flow, starting from raw material extraction, through preparation
and grinding, into clinker production, and finally cement grinding and storage. This flow
is illustrated in Table 3, summarizing the main process stages and associated outputs. The
cement production process is illustrated through a progressive level of detail across three
figures. Figure 2 provides a detailed view of cement manufacturing process, expanding it
into 14 distinct sub-processes and highlighting the internal structure of each production
step (rearranged from [16]). Figure 3 narrows the focus to clinker production, the central
and most energy-intensive step of the entire process chain. In addition to the process layout,
Figure 3 provides the typical operating temperatures associated with the different stages
of clinker production, highlighting the progressive increase in thermal demand from raw
meal preheating to clinker formation in the rotary kiln. The extremely high temperatures
required for clinker production, typically reaching 1450-1500 °C in the sintering zone, help
explain why process electrification remains particularly challenging.

Table 2. Main raw materials used in cement production and their respective functions.

Material Typical Content (%) Role in Cement
Limestone 70-90 Provides CaO for clinker formation
Clay/Shale 10-25 Supplies SiO,, Al,O3, Fe;O3

Correctives/SCMs 0-10 Adjust chemical balance

Table 3. Typical raw material composition.

Stage Input Output

Raw material preparation ~ Limestone, clay, additives Raw meal
Clinker production Raw meal Clinker
Cement grinding Clinker + gypsum + SCMs Cement

Beyond its significant energy requirements, the clinkerization process is also respon-
sible for the formation of the mineral phases that determine the hydraulic properties of
cement. During the high-temperature reactions occurring in the pre-calciner, rotary kiln,
and sintering zone, the raw meal is progressively transformed into a relatively homoge-
neous mixture of calcium silicates, aluminates, and ferrites. Although the exact composition
depends on raw material characteristics and operating conditions, clinker produced in
modern cement plants exhibits a consistent mineralogical composition. The four principal
clinker phases are commonly described using Cement Chemistry Notation (CCN) and are
summarized in Table 4.
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Figure 2. Detailed representation of cement manufacturing process, decomposing it into 14 distinct
sub-processes (rearranged from [16]).
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Figure 3. Clinker production process.

Table 4. Principal clinker phases described using Cement Chemistry Notation (CCN).

. Cement Chemistry . Typical Content
Clinker Phase Notation (CCN) Chemical Formula (% wt.)
Alite C3S 3Ca0-5iO; 50-70
Belite C,S 2Ca0-SiO; 15-30
Tricalcium CA 3Ca0-ALOs 512
aluminate
Tetracalcium
aluminoferrite C4 AF 4Ca0O- Alz 03 . Fez 03 5-15

3. Energy Analysis of the Cement Production Process

The cement production process described in the previous section is characterized by a
high and continuous energy demand, reflecting the scale of production and the thermal
intensity of clinker manufacturing. Energy use in cement plants can be broadly divided into
thermal energy, primarily required for high-temperature reactions, and electrical energy,
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used for material handling, grinding, and auxiliary systems. Understanding how energy is
distributed across the different stages of production is essential for identifying the most
effective strategies for energy transition and process decarbonization.

A qualitative overview of the energy demand along the cement production chain is
provided in Table 5, which highlights how energy consumption is unevenly distributed
across process stages. Clinker production clearly dominates the overall energy profile, while
raw material preparation and cement grinding account for a smaller but non-negligible
share. The predominance of thermal energy is a defining feature of cement production.
High-temperature heat is required to drive the chemical reactions occurring in the preheater,
precalciner, and rotary kiln, with operating temperatures exceeding 1400 °C. Specific
energy consumption varies significantly depending on the production process and kiln
configuration. Table 6 summarises representative values reported in the literature for
different cement manufacturing technologies [10,16,17].

Table 5. Typical distribution of energy demand by process stage.

Process Stage Energy Form Relative Share
Raw material preparation Electricity Low
Clinker production Thermal Very high
Cement grinding Electricity Medium

Table 6. Average energy consumption by kiln type.

Thermal Energy Consumption

Kiln Type [G)/tctinker]
Dry with preheater and precalciner 3.6
Dry with preheater without precalciner 3.7
Dry without preheater (long dry kiln) 3.8
Semi wet/Semi-dry 4.0
Wet/Shaft kiln 5.2

Clinker represents the main intermediate product of cement manufacturing, produced
during the kiln stage, whereas cement is the final commercial product, obtained by grinding
clinker with gypsum and, depending on the formulation, supplementary cementitious
materials (SCMs). Accordingly, clinker content varies significantly across cement types.

An important parameter for assessing cement composition is the clinker ratio,
defined as:

CR = Mclinker (1)

Mcement
where M i ker 1S the mass of clinker and #¢epens is the mass of cement. The CR ratio can
theoretically range between 0 and 1, however, for conventional Portland cements it typically
ranges between 0.75 and 0.9. Clinker production represents the most energy-intensive stage
of the cement production process. For the more common commercial cement types, clinker
typically accounts for approximately 75-90% of the final cement mass, with the remaining
fraction consisting of gypsum and supplementary cementitious materials (Table 1). Accord-
ingly, a tonne of clinker produces approximately 1.10-1.35 tonnes of cement. Therefore,
energy consumption values reported per tonne of cement cannot be directly compared
with those reported per tonne of clinker without accounting for the clinker ratio. For
example, if we are referring to Portland Cement, the current Best Available Technologies
value, according to a relevant document by [18,19] is 2.7-2.9 GG per tonne of cement. His-
torically, this demand has been met almost exclusively through the combustion of fossil
fuels and partially by electricity. The values reported on Figure 4 mainly refer to thermal
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energy consumption associated with fuel use in the kiln system. In the figure, the red
marker represents the performance theoretically achievable with Best Available Technolo-
gies (BAT), while the light blue marker indicates the typical value found in the literature.
The x-axis reports the cumulative percentage of surveyed installations with indicator values
lower than the corresponding one. Electrical energy requirements, reported separately
in Table 7, are considerably lower and account for approximately 8% of total energy de-
mand (0.21 GJ/teement versus 2.70 GJ/tcement Of thermal energy), confirming the strongly
heat-intensive nature of cement production.
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Figure 4. Thermal energy use across cement production stages (data rearranged from [17]).

Table 7. Best Available Techniques (BAT) for energy consumption for Portland Cement.

Production Process Energy Type Portland Cement
Raw material preparation Electricity 0.07
. . Fuel 2.70
Clinker Making Electricity 0.08
Finish grinding Electricity 0.07
Total thermal energy use 2.70
Total electricity use 0.22
Total energy use 292

As a result, the kiln system represents the central node of both energy consump-
tion and emissions within a cement plant. In contrast, electrical energy consumption is
distributed across several stages of the process. Electricity is required for crushing and
grinding operations, particularly in raw mills and cement mills, as well as for fans, con-
veyors, and control systems. While electricity represents a smaller share of total energy
demand compared to thermal energy, it plays a critical role in process efficiency, operational
flexibility, and product quality. Improvements in electrical efficiency and the increasing
availability of low-carbon electricity make this component increasingly relevant within the
broader energy transition. The overall energy profile of a cement plant is also shaped by
the choice of energy carriers used in cement production, referred to in Table 8 [17].
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Table 8. Main energy carriers in cement production.

Energy Carrier Typical Application Status
Coal/Petcoke Kiln and precalciner Conventional
Natural gas Kiln support and startup Conventional
Alternative fuels Kiln and precalciner Increasing
Biomass Partial fuel substitution Increasing

Coal and petcoke remain the dominant fuels for supplying the high-temperature ther-
mal energy required by the kiln and precalciner systems, owing to their high calorific value,
availability, and established integration within existing plants. Natural gas is generally
used as a supplementary fuel, particularly during start-up phases and for operational
support. The sector is experiencing a gradual transition towards lower-carbon energy
sources. Alternative fuels, including solid recovered fuels (SRF) and waste-derived fuels,
are increasingly being adopted as substitutes for conventional fossil fuels, while biomass is
gaining relevance as a renewable source for partial fuel replacement.

This trend reflects the growing need to reduce combustion-related emissions without
significantly modifying existing kiln technologies. Nevertheless, the continued reliance
on combustion-based energy carriers highlights one of the key challenges in cement de-
carbonisation. The extremely high temperatures required for clinker production limit
the immediate applicability of full electrification, making fuel substitution and hybrid
decarbonisation strategies particularly important in the medium term.

Beyond individual process stages, the cement plant operates as an integrated energy
system, where heat recovery and process integration play a key role in limiting energy
losses. Hot gases from the kiln and clinker cooler are commonly reused for raw mate-
rial preheating, improving overall efficiency and reducing the specific energy demand of
clinker production. This level of integration reflects decades of incremental optimization
and forms the baseline against which new energy solutions must be assessed. The domi-
nance of high-temperature thermal demand, the continuous nature of kiln operation, and
the limited substitutability of heat sources impose specific constraints on decarbonization
strategies. As shown in Figure 1, global cement production exceeds 4 billion tonnes per
year. The sector requires approximately 13-14 EJ of total energy annually (equivalent to
nearly 3700-3900 TWh or an average continuous power demand of about 420450 GW).
This represents roughly 2-3% of the global energy consumption, estimated as approxi-
mately 650 EJ. Figure 5 presents the mass and energy flows of a typical cement production
plant, together with the corresponding values of energy use and emissions per tonne of
cement produced.

The emission level shown in the figure represents an estimate based on typical fuel
use and an assumed level of energy recovery within the process. Globally, the cement
sector accounts for approximately 2.5-3.0 Gtonnes CO, emissions per year, making it one
of the world’s most energy-intensive and carbon-intensive industrial sectors. To provide
a quantitative framework for the subsequent assessment, a set of representative mass,
energy, and emission balances was developed. The values reported in Tables 9 and 10 try
to exemplify the mass and energy balances relating to the cement production processes.
They have been obtained by combining benchmark figures available in technical literature,
industrial reports, and Best Available Techniques (BAT) reference documents with aggre-
gated operational data from several cement manufacturing plants, as [20]. As a result, the
tables should not be interpreted as representative of typical performance levels observed in
modern dry-process cement production.
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Figure 5. Simplified energy flow diagram of a cement plant.
Table 9. Mass Balance for Portland Cement Production.
Typical Value
Stream Type
yp (kg/ tcement)
Limestone Input 1100-1300
Clay and corrective materials Input 250-400
Alternative raw materials Input 0-200
Gypsum Input 30-50
Fuels (thermal equivalent) Input 80-120
Clinker Intermediate product 750-850
Cement Final product 1000
CO, from calcination Output 450-550
CO; from fuel combustion Output 200-350
Dust and particulate emissions Output <1

Table 10. Typical Energy Consumption by Process Stage.

Thermal Energy Electrical Energy
Process Stage (GJ/ t(:ement) (kWh/ tcement)

Raw material crushing - 3-5

Raw meal grlpdlpg and B 15-05

homogenization

Preheating and recalcination 0.8-1.2 2-5
Rotary kiln (clinker formation) 1.8-2.5 2-4
Clinker cooling Heat recovery 2-3

Cement grinding - 25-40
Auxiliary systems - 5-10

Total 2.8-3.6 80-120

The energy demand of cement production can also be expressed in terms of the equiv-
alent thermal and electrical power required by a typical industrial facility. Considering
a modern dry-process cement plant with a clinker production capacity of approximately
1 Mt/year and a specific thermal energy consumption of 2.7-3.4 GJ/tcement, the correspond-
ing thermal power demand ranges between 90 and 110 MWth under continuous operation.
By comparison, the electrical demand is significantly lower, typically ranging from 10 to
15 MWe, based on specific electricity consumption values of 80-120 kWh/tcement.

Table 11 reports the equivalent thermal and electrical power requirements associated
with cement plants of different production capacities. The values have been estimated
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from typical specific energy consumption figures and continuous plant operation. The
equivalent thermal power demand, Py, of a cement plant can be estimated from the specific
thermal energy consumption, ey, and the clinker production rate, r1:

Py = mgp-eyy (2)
. M

gy = 7 (3)
op

Table 11. Typical thermal and electrical power requirements associated with cement plants of different
production capacities.

Plant Capacity Thermal Power Demand  Electrical Power Demand
(Mtclinker/year) (thh) (MWel)

0.5 45-55 5-8

1.0 90-110 10-15

2.0 180-220 20-30

3.0 270-330 30-45

Combining the two expressions:

M 1°€th
Py = —— (4)
op
Similarly, the equivalent electrical power, P,; can be estimated as:
Py = tMcem-€,l ®)

where Mg is the cement production rate and e, or, considering the periodic values

(annual) as:
- Meem-e

op

The results clearly show that cement manufacturing is predominantly driven by ther-
mal energy demand, with thermal power requirements typically one order of magnitude
higher than electrical demand.

4. Strategies for Decarbonization of Cement Sector

While the previous chapter focused on the energy requirements of cement manu-
facturing, a comprehensive assessment of the sector must also consider the associated
greenhouse gas emissions. The environmental impact of cement production is not only
determined by fuel consumption but also by the intrinsic chemical reactions involved
in clinker formation [21]. The environmental impact of the process cannot be assessed
solely through energy consumption, as a significant fraction of emissions originates directly
from the chemical transformations occurring during clinker production [22]. The total
specific emissions associated with cement manufacturing can be expressed as the sum of
three main contributions.

Epor = Eproc + Efuel + Eel (7)

where Ejo; are total specific emissions, Epoc the process emissions, E Fuel the combustion-
related emissions and E,; the indirect emissions associated with electricity consumption.
Process emissions arise from the calcination of limestone during clinker production. The
decomposition reaction can be described as:

CaCO;3 — CaO + CO, (8)
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This reaction represents the largest source of CO, emissions in cement manufacturing
linked to clinker formation. The specific process emissions, Eyoc, can be estimated as:

Eproc = Mg - EFcqc (9)

where m,; is the clinker content per tonne of cement, while EF ;. is the calcination emission
factor. Typical values of range between 0.52 and 0.54 kgCO» /kg_jinker- The second contribu-
tion, Ef,,;, originates from the combustion of fuels required to reach the high temperatures
required for clinker production. Combustion emissions can be estimated as:

Efuer = qin - EF pyel (10)

where Qy, is the specific thermal energy demand and EFy,,; is the fuel emission factor.
Typical emission factors are for coal and natural gas for example are 94 kg CO,/G]J and 56
kg CO, /(] respectively. Considering specific thermal consumptions ranging from 3 to 5
GJ/tcement, combustion emissions contribute between 250 and 350 kgCO5 / tcement. The third
contribution is given by the indirect emissions associated with electricity consumption, E,;,
mainly required for raw material preparation, grinding operations, conveying systems,
fans, and auxiliary equipment. Indirect emissions can be estimated as:

Eep = W - EFgrid (11)

where W, is the specific electricity consumption, expressed in kWh/tcement and EF gy is
the grid emission factor in kgCO, /kWh. Although electricity consumption is generally
lower than thermal energy demand, its contribution may become increasingly relevant as
electrification technologies are introduced. Combining the previous contributions yields a
simplified emission model for cement production:

Etot = mey - EFcaic + G - EFfuel + Wei - EFgrid (12)

Following the analysis of energy consumption and emission throughout the produc-
tion chain, a systematic assessment of the emission pathways has been carried out.

As shown in Table 12, CO, emissions originate from both process-related reactions,
primarily limestone calcination, and energy-related sources associated with fuel combustion
and electricity consumption. Understanding the relative importance of these contributions
is essential for evaluating the effectiveness of different decarbonisation strategies, including
energy efficiency improvements, clinker substitutions through supplementary cementitious
materials (SCMs), alternative fuels, electrification, green hydrogen utilisation and carbon
capture technologies.

Table 12. Typical CO, Emission Breakdown in Cement Production.

Emission Source Emissions Share
(kg COy/tcement) (%)

Limestone calcination 450-550 55-65

Fuel combustion 200-300 25-35
Electricity consumption 20-80 3-10
Transport and auxiliary services 10-30 1-3
Total 650-850 100

The decarbonization strategies have been classified according to functional logic,
distinguishing interventions based on their position within the value chain:
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- Interventions on input materials, with partial substitution of clinker with supplemen-
tary cementitious materials (SCM) (e.g., slag, fly ash, calcined clay, limestone) aimed
at reducing emissions associated with calcination, lowering clinker emission intensity;

- Interventions on direct energy use, focused on decarbonising combustion through
alternative fuels, electrification, and integration of renewable energy sources (RES);

- CO; capture and management technologies (CCS), acting downstream of the produc-
tion process by directly targeting emission streams.

For each strategy, the emission reduction mechanism, estimated abatement potential,
technology readiness level (TRL), integration challenges, and scalability prospects have
been assessed. This framework enables a comparative and critical evaluation of avail-
able solutions, highlighting both complementarities and limitations. The decarbonization
strategies adopted in the cement sector are summarized in Table 13.

Table 13. Strategies for decarbonizing the cement sector.

Main Emission Reduction

Strategy Description Mechanism

Clinker factor reduction Partial substitution of Reduces process emissions
(SCMs) clinker with SCM from clinker production

Kiln optimization, heat
recovery, process control

Reduces fuel-related
CO, emissions

Energy efficiency
improvements

Alternative fuels

Use of biomass or
waste-derived fuels

Lowers fossil CO,
emissions from combustion

Carbon Capture and
Storage (CCS)

Capture of CO, from kiln
flue gases for storage or use

Direct capture of process
and combustion emissions

Electrification and Electrification of processes  Reduces indirect emissions

renewable integration using renewable electricity from energy use
Use of alternative material ..
Low carbon . . Reduces or eliminates
. with reduced clinker or . ..
binders clinker-related emissions

different chemistries

Building upon the energy and emissions assessment presented in these sections, a
systematic review of the main decarbonisation strategies for the cement sector is carried out.
The analysis combines qualitative considerations regarding technology, implementation
challenges, and process integration with quantitative estimates of their potential impact on
energy consumption and CO, emissions.

4.1. Clinker-to-Cement Ratio Reduction

A significant share of CO, emissions in cement production originates from clinker
formation, due to the calcination of limestone, which releases CO, during heating. Since a
substantial fraction of cement-related CO, emissions originates from clinker production,
both through limestone calcination and high-temperature thermal processes, reducing
the clinker-to-cement ratio represents a mature and widely adopted mitigation option.
Reducing the clinker content in cement by partially substituting it with SCM, such as
volcanic pozzolans, industrial by-products (e.g., blast furnace slag), and fly ash, lowers
both process emissions and fuel-related emissions. This strategy is already implemented.
The main principle of clinker substitution is illustrated in Figure 6.
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Figure 6. Clinker substitution: a first decarbonization strategy.

Assuming a constant clinker-specific CO, emissions factor, reducing the clinker ratio
from a CR; to CR; results in a reduction in specific CO, emissions, given by

ACO, = Eclinker’(CRl - CRZ) (13)

According to recent industry reports available in the literature (e.g., [22,23]), a reduc-
tion of 1 kg of clinker can save approximately a range between 0.7 and 0.9 kg of CO;. A
decrease of around 30 kg of clinker per tonne of cement could result in avoided emissions
in the range 20-27 kg CO; [24].

4.2. Use of Alternative Raw Materials (Substitution Materials)

Decarbonization of the cement manufacturing process can also be achieved through
the incorporation of recycled and secondary materials, particularly construction and de-
molition waste added to traditional raw materials for clinker production like limestone
and clay. Besides reducing the consumption of virgin raw materials, these materials may
partially replace carbonate-rich feedstocks, thereby lowering both raw material extraction
requirements and process-related CO, emissions. Although the impact strongly depends
on the composition and substitution rate, the use of recycled mineral fractions is generally
estimated to reduce emissions by approximately 5-15 kg CO, per tonne of cement. Effi-
ciency improvements can be achieved by incorporating recycled or secondary materials, as
construction and demolition waste [25]. Although its direct contribution to CO, mitigation
is generally lower than that achievable through clinker substitution, fuel switching, or
carbon capture technologies, it offers the additional benefits of reducing the consumption
of virgin raw materials and promoting circular economy practices. Consequently, the
incorporation of recycled and secondary materials should be regarded as a complementary
measure within a broader portfolio of decarbonization actions for the cement sector.

4.3. Use of Alternative Fuels

Alternative fuels used in the cement industry include a wide range of waste-derived
and biomass-based materials, which are increasingly integrated through co-processing in
rotary kiln systems. A key requirement is that their combustion residues remain compatible
with clinker chemistry, particularly in terms of calcium, silica, iron oxides, and alumina.
Among these, solid recovered fuel (SRF), derived for example from municipal solid waste,
plays a central role in industrial practice. Although biomass derived alternative fuels could
also be considered, their application does not appear to be realistic given the required
thermal power. Compared to fossil fuels such as petcoke and coal, SRF has a lower net
carbon footprint per unit of thermal energy. Its utilization is enabled by modern multi-
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channel burner technologies and adapted kiln operation strategies, which allow for high
flexibility in fuel input. According to industrial benchmarks, substitution rates more
than 80-100% have been achieved in advanced cement plants under suitable technical
conditions. Assuming such a substitution rate is clearly unrealistic. Nevertheless, the
achievable reduction in CO; emissions strongly depends on both the emission factors of the
conventional and alternative fuels and on the Thermal Substitution Rate (TSR) defined as:

TSR — 24F (14)

Qtn
If a fraction TSR of the thermal energy demand is supplied by alternative fuels, the
combustion-related emission can be expressed as

COZ,fuel = Qm - (EFfuel'(l - TSR) + TSR - EFAF) (15)

therefore
ACO = Q- TSR-(EFue1 — EFar ) (16)

From a decarbonization perspective, increasing the substitution rate of fossil fuels
with alternative fuels from approximately 20% to around 45-50% could result in emission
reductions in the order of 20-60 kg CO, per tonne of cement produced, depending on fuel
composition and system efficiency ([3,26]). An essential requirement for alternative fuels is
that they do not adversely affect clinker formation or the quality of the resulting cement.
Their use requires strict control of chlorine and alkali inputs to avoid detrimental effects on
clinker properties.

4.4. Electrification and the Use of Renewable Electricity

Clinker production requires very high temperatures (=1450-1500 °C), which are cur-
rently achieved predominantly through the combustion of fossil fuels or, increasingly,
alternative fuels. Electrification of thermal processes is widely regarded as a fundamental
decarbonization principle across industrial sectors; however, in energy-intensive “hard-
to-abate” industries such as cement production, its application is constrained by thermo-
dynamic, technological, and economic limitations. In particular, the direct substitution of
high-temperature fossil-based heat with renewable electricity remains challenging due to
the need for efficient heat transfer, process stability, and equipment compatibility.

Emerging technologies are being investigated for the electrification of thermal pro-
cesses in cement kilns including plasma heating, induction heating, resistive heating, and
microwave heating technologies. These approaches are currently at different stages of
technological maturity. In the short to medium term, partial electrification, particularly
in preheating and in pre-calcination stages through indirect or hybrid electric heating,
appears to be the most feasible pathway. Integration with renewable electricity could
significantly reduce the carbon intensity associated with thermal energy use. However,
full electrification of the rotary kiln remains a long-term prospect requiring substantial
technological advances and process redesigns [27].

To evaluate the potential CO, emissions reduction, an electrification ratio «, is defined
as the ratio between the thermal energy met by electrical heating, Q,;, to the thermal energy
required for clinker production, Qy, criker-

Qel

N = ——
ch,cliker

(17)
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The resulting reduction in combustion-related CO, emissions is given by:
ACO; = Q- te"EF e (18)

Although full kiln electrification is not currently considered technically feasible us-
ing available technologies, partial electrification of the preheater and, particularly, the
precalciner has emerged as a realistic intermediate pathway. When powered by renew-
able electricity, electrifying approximately 10-20% of the thermal demand could reduce
combustion-related emissions by approximately 30-65 kg CO, per tonne of clinker, while
facilitating the integration of low-carbon electricity into cement manufacturing. Increasing
the electrified share of the thermal demand up to 30%, could enable further reduction of
up to 80 kg per tonne of clicker. However, these benefits strongly depend on the carbon
intensity of the electricity supply.

4.5. Oxy-Fuel Combustion and Green Hydrogen—Natural Gas Blends

Hydrogen-based fuels, particularly green hydrogen produced via water electrolysis,
are increasingly identified as a promising long-term decarbonization pathway for the
cement industry. Recent literature highlights that hydrogen can be used either as a partial
substitute for conventional fossil fuels or as a primary fuel in fully decarbonized combustion
systems, depending on its availability and production cost [28-30].

A potential plant configuration includes hydrogen injection at both the main kiln
burner and the pre-calciner. In such systems, oxygen required for combustion may be
supplied either through water electrolysis or through dedicated air separation units (ASU),
enabling more controlled combustion conditions and higher flame temperatures [31]. Sev-
eral studies, like [32] also emphasize that hydrogen-enabled combustion systems can be
integrated with oxy-fuel or oxygen-enriched operation strategies, which are particularly
relevant when combined with carbon capture and storage (CCS) technologies. Although
oxy-fuel operation is not strictly required in cement production, its integration can signifi-
cantly increase the CO, concentration in flue gases, thereby improving capture efficiency
and reducing separation costs [16,25]. From a decarbonization perspective, hydrogen-based
combustion systems have the potential to substantially reduce combustion-related emis-
sions, with literature estimates suggesting reductions of up to 250 kg CO; per tonne of ce-
ment under high hydrogen substitution scenarios [28,33]. Several technical and operational
challenges remain. These include the high-water vapor content generated by hydrogen
combustion, which can affect kiln atmosphere stability, heat transfer efficiency, and clinker
quality. In addition, the need for large-scale green hydrogen production and associated
electricity demand represents a critical bottleneck for large-scale deployment [22,34]. Over-
all, hydrogen utilization in cement production should currently be regarded as an emerging
pathway with high theoretical mitigation potential, but still limited industrial maturity,
requiring further technological development and system integration [29,33]. The strategic
value of hydrogen in cement production extends beyond its direct use as a low-carbon fuel.

Green hydrogen production through electrolysis simultaneously generates a signifi-
cant oxygen stream, which can be utilized to support oxy-fuel kiln operation. This can also
create a technological synergy between green hydrogen production and carbon capture
systems. Hydrogen contributes to reduce combustion-related emissions, the associated
oxygen production (8 kg for each kg of H;) increases the CO, concentration in flue gases, fa-
cilitating downstream capture and reducing the energy required for capture. Consequently,
the benefit of hydrogen may not be limited to fuel substitution alone, but rather to its ability
to integrate renewable electricity, high-temperature heat generation, oxy-fuel combustion,
and carbon capture in a decarbonization pathway, as in Figure 7.
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Figure 7. Hydrogen assisted oxy-fuel combustion for low-carbon cement.

The first and most immediate benefit of green hydrogen consists of the direct replace-
ment of fossil fuels used to meet the thermal demand of clinker production. Assuming a
hydrogen thermal substitution ratio, app,

app = _Qm (19)
ch,clinker
the corresponding reduction in combustion-related emissions can be expressed as:
ACOz = Qypy - wp2-EF e (20)

For a representative thermal demand of 3.4 GJ per tonne of clinker, supplying
10-20% of the thermal demand with green hydrogen would reduce CO, emissions by
approximately 30-60 kg per tonne of clinker produced. Although this reduction affects only
the combustion-related emissions, hydrogen offers a further advantage when produced
via electrolysis: the co-produced oxygen can be used for oxy-fuel combustion, thereby
facilitating CO, capture and providing benefits beyond fuel substitution alone.

4.6. Carbon Capture and Storage (CCS)

Among the various decarbonization pathways available to the cement industry, carbon
capture and storage (CCS) is widely recognized as the only technology capable of address-
ing the large fraction of process-related emissions generated during limestone calcination.
CCS technologies directly target CO, emissions from both calcination and combustion
processes. For this reason, CCS is often considered an essential component of long-term
net-zero scenarios for cement production. However, despite its theoretical effectiveness, the
practical deployment of CCS remains constrained by its substantial energy requirements
and associated energetic costs [35,36]. Depending on the capture technology adopted, the
additional energy demand may significantly increase the overall energy consumption of
the plant, thereby reduce the net environmental benefit and increase production costs. In
this context, the integration of hydrogen-based technologies may provide a more attractive
pathway. Hydrogen produced via renewable-powered electrolysis can simultaneously
supply a low-carbon fuel for clinker production and significant amount of oxygen as a
by-product. The availability of oxygen creates the opportunity to implement oxy-fuel
combustion, in which nitrogen in the flue gas can be reduced.

From this perspective, the value of hydrogen extends beyond its direct contribution
as a clean fuel. By coupling hydrogen production with oxy-fuel combustion, the oxygen
generated during electrolysis can become a strategic enabler for more efficient carbon
capture, creating a stronger synergy between renewable electricity, fuel decarbonization,
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and CO; mitigation technologies. This integrated approach may significantly improve the
overall feasibility of deep decarbonization pathways for the cement sector. Oxy-fuel com-
bustion uses pure oxygen instead of air, eliminating nitrogen dilution and increasing CO,
concentration in flue gases, thereby simplifying downstream purification. Post-combustion
capture, based on chemical absorption, is considered the most flexible option, as it can
be integrated into both new and existing plants without major modifications to the kiln
system. Capture rates of up to 95% of total emissions are theoretically achievable. In
addition, complementary efficiency measures, such as energy optimisation of machinery,
waste heat recovery, and compressed air management, can further reduce emissions [33].

Figure 8 provides an overview of the main decarbonization strategies currently avail-
able or under development for the cement industry and highlights their complementary
role as part of an integrated decarbonization strategy.

Use of

Energy alternative Clinker to
efficiency and fuels and raw cement ratio
waste heat reduction and
innovative

recovery
.-+ cements

Cement
decarbonization

Process \ g " Hydrogen .
electrification \ : integration and |
and renewable | : ‘ oxyfuel ,

electricity / combustion

Carbon Capture
and Storage

Figure 8. Integrated framework of the decarbonization strategies for the cement industry.

5. Discussion on the Decarbonization Strategies and Role of Hydrogen

The cement industry is widely recognized as one of the most challenging industrial
sectors to decarbonize due to the simultaneous presence of energy-related and process-
related emissions. As discussed in the previous sections, the production of clinker requires
large amounts of thermal energy at temperatures exceeding 1400 °C, while the calcination
of limestone inherently releases significant quantities of CO;. Process emissions typically
account for approximately 60-65% of the total carbon footprint of cement production,
with the remaining share associated with fuel combustion and electricity consumption.
The analysis of the available mitigation pathways highlights that each strategy targets
a specific component of these emissions and therefore offers different decarbonization
potentials. Measures such as energy efficiency improvements and secondary raw materials
primarily reduce energy demand, whereas alternative fuels, electrification, and hydrogen
utilization mainly address combustion-related emissions. Carbon capture technologies
are among the few options capable of mitigating the large fraction of process emissions
arising from clinker production. As a result, deep decarbonization of the cement sector
cannot rely on a single technological solution but requires the combination of multiple
complementary measures. Table 14 presents a process-oriented framework outlining the
principal decarbonization pathways for cement production. In addition to the major
technological options, the framework highlights the importance of cross-cutting measures,
such as energy efficiency, process optimization, and waste heat recovery, which should be
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systematically implemented as fundamental measures to reduce both energy consumption
and CO; emissions.

Table 14. Process-Oriented Framework for Cement Plant Decarbonization.

Process Unit Energy Input Main CO; Source Decarbom‘zatlon
Strategies
Raw mate.rlal Electricity Indirect emissions RES e.lgctrmlty,
preparation efficiency
Raw meal grinding Electricity Indirect emissions High-efficiency

grinding systems

Energy recovery,

Fuel combustion; Alternative fuels,

Preheater/Precalciner Thermal energy

calcination H,, electrification
. Fuel combustion; H,, oxy-fuel
Rotary kiln Thermal energy calcination combustion, CCS
Clinker cooling Thermal energy Minor Heat recovery
(recovery)
L - . . RES electricity,
Cement grinding Electricity Indirect emissions officient mills
Auxiliary systems Electricity Indirect emissions Energy efficiency
Entire plant Multiple Process emissions clinker substitution,

CCs

To provide a more systematic comparison, the qualitative considerations discussed
above have been integrated with data collected from literature, industrial reports, and
benchmark operating data. The resulting assessment, summarized in Table 15, compares
the main decarbonization options in terms of their potential CO, reduction, providing an
indicative measure of their relative contribution to the overall decarbonization of cement
production. The values reported in Table 15 were estimated using the simplified quantita-
tive framework developed in Section 4, which combines representative mass and energy
balances with emission factors derived from the scientific literature and industrial reports
cited throughout the paper, such as [21-23].

Among the available decarbonisation options, carbon capture and storage (CCS) rep-
resents the most effective one for achieving deep emission reductions, as it can address the
substantial share of process-related CO, emissions generated during limestone calcination.
Nevertheless, its large-scale deployment requires careful consideration of the associated
energy penalties, infrastructure requirements, and economic costs.

Table 15. Decarbonization Options and Potential CO, Reduction.

s L. Typical Reduction Potential Technolo
Decarbonization Measure yp (kg CO/tcement) Maturit}%y
Energy efficiency improvements 10-30 Commercial
Secondary raw materials 5-15 Commercial
Clinker factor reduction 20-30 Commercial
Alternative fuels (SRF, biomass) 20-60 Commercial
Clinker electrification (partial) 20-65 Demonstration
Green hydrogen use (10-20%) 30-60 Demonstration
Green hydrogen use (up to 50%) 150-200 Conceptual
Carbon Capture and Storage (CCS) >200 Conceptual
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Focusing on the more readily applicable mitigation measures, it should be noted that
these strategies are not mutually exclusive and can be implemented in combination to
maximise overall emission reductions. Within this framework, hydrogen-based solutions
appear particularly promising, owing to their potential to substantially reduce combustion-
related emissions while remaining compatible with existing cement production processes
and future low-carbon plants. In this context, hydrogen is emerging as a potential decar-
bonisation vector, particularly for reducing combustion-related emissions and enabling the
integration of advanced carbon capture systems. Hydrogen should not be interpreted as
a standalone decarbonisation solution for the cement industry, but rather as an enabling
energy carrier that facilitates the integration of renewable electricity, high-temperature
thermal processes, and carbon capture technologies. Hydrogen can partially replace con-
ventional fossil fuels such as coal, petcoke, or natural gas in rotary kilns and precalciners.
When produced from renewable electricity (“green hydrogen”), its combustion does not
generate direct CO, emissions:

2H, + O, — 2H,0 (21)

This characteristic makes hydrogen particularly attractive for high-temperature indus-
trial applications where direct electrification is still technologically challenging.

The role of hydrogen as a standalone fuel in cement production remains limited
because process emissions from calcination are not affected, hydrogen combustion modifies
flame characteristics, large quantities of water vapor are generated, and the required
hydrogen volumes are extremely high. The thermal energy demand for clinker production,
e clinker 1S typically 3.2-3.6 GJ /tjinker- Considering the annual production of clinker, M,
the annual thermal energy requirement of a cement plant is:

ch,clinker = Mcl “€th,clinker (22)

If a fraction fy, of the thermal demand is supplied by hydrogen, the corresponding
hydrogen-based thermal energy contribution becomes:

QHZ = fHZ'Mcl'eth,clinker (23)

Considering the lower heating value (LHV) of hydrogen LHV i =~ 120 M]/kg, the
hydrogen demand for full fuel substitution is:

Qm2
M =
B2 = THV

(24)

Considering an average value of the energy demand for clinker production as
3.4 GJ/tonne, complete fuel substitution would require approximately 28 kg of hydro-
gen for each tonne of clinker. This means that a medium-size cement plant producing
1 Mt/year of clinker could require approximately 25,000-30,000 tonneH,/year. Such
demand would imply extremely large renewable electricity consumption for electrolysis,
often exceeding several hundred MW of installed renewable capacity. The renewable elec-
tricity required to generate this hydrogen through electrolysis depends on the electrolyzer
efficiency #,;;. The annual electrical energy demand can be estimated as:

Qe = Quz

(25)
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Finally, assuming a renewable generation system characterized by h; equivalent
operating hours per year, the installed renewable power required to sustain hydrogen
production becomes:

fHZ'Mcl “€th clinker (26)
Melt 'heq

This highlights one of the main limitations of hydrogen deployment in the cement

Lot =

industry: the scale of energy required. So, it seems quite clear that the most important
role of hydrogen may not be direct fuel substitution, but its integration within broader
decarbonisation architectures. In this perspective hydrogen can act as an energy carrier
connecting renewable electricity and thermal processes (a flexibility mechanism for inter-
mittent renewable power) and an interesting enabler for oxy-fuel combustion and CCS
systems. This systemic role can be considered more relevant than simple fuel replacement.
One of the most promising pathways involves combining hydrogen combustion with
oxygen-enriched or oxy-fuel kiln operation. In conventional combustion, nitrogen from
ambient air dilutes flue gases, reducing CO, concentration. By contrast, oxy-fuel systems
use pure oxygen, generating flue gases mainly composed of CO,, H,O and limited impu-
rities. This configuration significantly simplifies downstream carbon capture. Hydrogen
integration is particularly attractive because:

- Electrolysis simultaneously produces hydrogen and oxygen;
- Oxygen can directly feed the kiln, and higher CO, concentration improves
capture efficiency.

Hydrogen may indirectly contribute to near-zero-emission cement production. The
strategic value of hydrogen in cement production extends beyond its direct use as a low-
carbon fuel. Green hydrogen production through electrolysis simultaneously generates a
significant oxygen stream, which can be utilized to support oxy-fuel kiln operation. This
can also create a strong technological synergy between hydrogen deployment and carbon
capture systems. While hydrogen contributes to reducing combustion-related emissions,
the associated oxygen production increases the CO; concentration in flue gases, facilitating
downstream capture and reducing the energy penalty of CCS. Consequently, the primary
benefit of hydrogen may not be limited to fuel substitution alone, but rather to its ability
to integrate renewable electricity, high-temperature heat generation, oxy-fuel combustion,
and carbon capture into a single decarbonization pathway.

Anyway, it is important to consider the dimensional analysis, that highlights a critical
insight: even under a partial substitution scenario, hydrogen demand reaches tens of thou-
sands of tonnes per year per facility. To better quantify the scale of hydrogen deployment
in the cement industry, a parametric assessment was performed considering a reference
clinker production capacity of 1 Mt/year. Hydrogen substitution levels ranging from 5% to
20% of the thermal energy demand were analysed. Renewable electricity requirements were
estimated, assuming an electrolyzer efficiency of 70% (currently high value, but technically
approachable), while equivalent operating hours of 1200 h/year and 2000 h/year were
considered for photovoltaic and wind generation, respectively. The results are summarized
in Table 16.
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Table 16. Renewable electricity demand and equivalent photovoltaic and wind capacities required to
supply hydrogen for partial decarbonization of clinker production in a 1 Mtonne/year capacity.

. H, Electricity PV Wind
thf’tlil:rfh- I;Ikz ]/)tel.nanfl Production Demand Capacity Capacity
8/telinker (tly) (GWh/y) (MWp) (MW)
5% 1.4 1420 67.5 56 34
10% 2.8 2830 135 113 68
15% 4.3 4250 203 169 101
20% 5.7 5670 270 225 135

Scaled up across national or continental cement production, this implies a massive
upstream requirement for low-carbon electricity and electrolysis capacity, reinforcing that
hydrogen-based decarbonisation is technically plausible but highly infrastructure- and
energy-intensive. Even relatively modest hydrogen substitution rates require renewable
generation capacities that are comparable to utility-scale energy projects. This highlights
both the decarbonization potential of hydrogen and the substantial infrastructure invest-
ments needed for its large-scale deployment in the cement sector, as also highlighted by
one of the authors of the present paper in recent papers [37-39]. From this perspective, the
strategic value of hydrogen lies less in direct fuel substitution than in its ability to facili-
tate the integration of complementary low-carbon technologies, making it a key enabler
of deep industrial decarbonization in this “hard to abate” sector rather than merely an
alternative fuel.

It should also note that the decarbonization benefits discussed in this paper apply
exclusively to green hydrogen produced from renewable electricity. Hydrogen produced
from fossil fuels without carbon capture would not provide comparable climate benefits
and, depending on its production route, could even increase life-cycle CO, emissions.
Furthermore, the limited availability and expected high cost of green hydrogen, together
with growing demand from other hard-to-abate sectors, may constrain its large-scale
deployment in the cement industry, particularly given its relatively low operating margins.

The previous discussion showed that different decarbonization pathways have sig-
nificantly different degrees of technological maturity, implementation complexity, and
emissions reduction potential. Table 17 summarizes the main characteristics of these tech-
nologies, considering their CO, reduction potential, technology readiness level (TRL), key
implementation challenges, and overall contribution to cement production decarbonization.
The main conclusion is that no single option can achieve the required emission reduction
alone; therefore, decarbonization requires an integrated approach. Whitin this framework,
the value of hydrogen lies not only in direct fossil fuels substitution, but also in its role as an
enabling energy carrier supporting an integrated decarbonization strategy for the cement
sector. It is important to acknowledge that the transition towards hydrogen-based decar-
bonization pathways may involve intermediate solutions, including the use of non-green
hydrogen in combination with carbon capture technologies. While such pathways may
facilitate the early deployment of hydrogen-based processes and enable CCS integration,
they may also result in higher carbon emissions compared with renewable hydrogen op-
tions. Therefore, a comprehensive assessment of decarbonization strategies should consider
both technological maturity and life-cycle environmental implications, rather than focusing
exclusively on long-term low-carbon solutions.
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Table 17. Process-Based Framework for Cement Plant Decarbonization.
Potential CO, cre e
Technology TRL Reduction Main Limitation
Energy efficiency 9 Low Incremental savings only
Clinker factor reduction 9 Low SCM availability.
Alternative fuels 89 Medium Fuel availability and quality
Electrification 5-7 Medium High-temperature limitations
Hydrogen blending in kilns 5-7 Medium Cost and renewable electricity
CCs 5-7 High Energy penalty and high cost
100% hydrogen firing 3-5 High Technical challenges and cost
Green Hj, + Oxy-fuel + CCS 3-5 Very High Technology and infrastructure

6. Conclusions

Decarbonizing the cement industry remains one of the most challenging tasks within
the broader energy transition, due to the simultaneous presence of high-temperature
thermal demand and unavoidable process-related emissions. The analysis presented in
this work shows that modern cement production typically requires between 2.7 and 3.4 GJ
of thermal energy and 90-120 kWh of electricity per tonne of cement, resulting in total
emissions generally ranging from 500 to 850 kg CO,/tcement, depending on the type of
cement produced. Approximately 55-65% of these emissions originate from limestone
calcination during clinker production, while 25-35% are associated with fuel combustion,
while the remaining share of emissions is indirectly related to other process operation and
auxiliary energy consumption highlighting the intrinsic difficulty of fully decarbonizing
the sector.

The paper examines strategies for decarbonizing the cement production process from
both qualitative and quantitative perspective, with a particular focus on clinker production.
The quantitative assessment of the main decarbonization pathways highlights that no
single technology can deliver complete emission abatement. Energy efficiency measures,
although essential, typically provide reductions of only 10-30 kg CO5/tcement. Similarly,
the use of secondary raw materials and clinker substitution through supplementary ce-
mentitious materials can reduce emissions by several tens of kilograms of CO, per tons,
while alternative fuels generally achieve reductions in the range of 20-60 kg CO, /t cement
depending on substitution rates and biomass content. Within this framework, hydrogen
emerges as one of the most promising long-term solutions for addressing the thermal
energy demand of clinker production. The analysis suggests that hydrogen-based solutions
could potentially avoid potential higher than 50 and up to 200 kg CO,/t cement. The
decarbonization potential of hydrogen strongly depends on the fraction of the thermal
demand supplied by hydrogen. Beyond its direct role as a low-carbon fuel, hydrogen may
act as a strategic enabler for oxy-fuel combustion systems, providing both renewable heat
and oxygen streams that facilitate downstream CO, capture. This system level integration
could significantly improve the overall effectiveness of carbon management strategies.

Nevertheless, even under optimistic fuel-switching scenarios, a substantial fraction of
emissions associated with calcination remains unavoidable. Consequently, carbon capture
and storage (CCS) appear to be the only technology capable of addressing the remaining
400-700 kg CO, /t cement generated. While CCS is associated with significant energy and
economic penalties, its deployment is likely to become indispensable for achieving deep
decarbonization targets.

The results therefore indicate that the transition toward low-carbon cement production
will require the coordinated implementation of multiple complementary measures. Clinker
factor reduction, secondary raw materials, alternative fuels, electrification, hydrogen uti-
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lization, and CCS should not be regarded as competing solutions but rather as elements of
an integrated decarbonization framework. Among the various options, hydrogen stands
out for its ability to connect renewable electricity, high-temperature industrial heat, oxy-
fuel combustion, and carbon capture technologies, thereby playing a potentially strategic
role in the future evolution of a net-zero cement industry. Green hydrogen produced via
renewable-powered electrolysis can simultaneously supply a low-carbon fuel for clinker
production and generate significant quantities of oxygen as a by-product. The availability
of this oxygen creates the opportunity to implement oxy-fuel combustion systems, in which
nitrogen from air is largely eliminated from the combustion process. Unlike conventional
approaches that consider hydrogen solely as a substitute for fossil fuels, this paper adopts a
broader perspective in which renewable hydrogen functions as an enabling energy carrier
within an integrated decarbonization framework. Beyond supplying low-carbon heat,
hydrogen supports the production of oxygen for oxy-fuel combustion and the enhanced
integration of carbon capture systems, thereby enhancing emission mitigation strategies.

However, given the relatively low profit margins in the cement industry, the sector
may face significant economic challenges in securing sufficient supplies of green hydrogen.
Consequently, hydrogen should be regarded as a strategic long-term option whose deploy-
ment will depend not only on technological maturity but also on the future availability and
cost of green hydrogen. As in other hard-to-abate sectors, cement decarbonization requires
a system-wide approach supported by coordinated energy and industrial policies, rather
than isolated actions by individual companies.
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Abbreviations

The following abbreviations are used in this manuscript:

e Electrification substitution ratio

hEp) Hydrogen thermal substitution ratio
ASU Air Separation Units

BATs Best Available Techniques

CCN Cement chemistry notation
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CCS Carbon capture and storage

CR Clinker Ratio [kgclinker/ kgcement}

€l specific electricity consumption [kWh/ tcement]

e Specific thermal energy consumption [kWh/tcement]
€t cl specific thermal energy consumption [G]/tcjincker]
Ear Emission related to alternative fuels [kgCO5 / tcement]
E tinker Emissions related to clinker [kgCO3 / tcjinker]

E, Indirect emissions associated with electricity consumption [kgCO3 / tcement]
Efuer Combustion related emissions [kgCO, /tcement]

Eproc Process related emissions [kgCO3 /tcement]

Eior Total specific emissions [kgCO5 / tcement]

EF ¢ Calcination emission factor [kgCO3 / telincker)

EFfye Fuel emission factor [kgCO,/GJ]
EF¢ia Grid emission factor [kgCO,/kWh]

fr2 Fraction of the thermal power covered with hydrogen [--]

hop annual operating hours [h/y]

LHV Lower heating value [M]/kg]

Meem cement production rate (t/h)

M clinker production rate [t/h]

Meem annual cement production [t/year]

me clinker content per tonne of cement [kg/ tcement]

M, Annual production of clinker [t]

Mpp theoretical hydrogen demand for full fuel substitution [kg/ tcjincker)
P, electrical power demand [kW]

Py 12 installed renewable power required to sustain hydrogen production [kW]
Py, thermal power demand [kW]

m specific thermal energy demand [G]/ tcement|

Jenclinker  specific thermal energy demand for clinker [GJ /tjincker]

Qar Thermal energy demand referred to Alternative fuels in one year [G]/y]
Qm Total thermal energy demand in a period (e.g., 1 year) [G]/y]

RES Renewable Energy Sources

SCM Supplementary Cementitious Materials

SRF solid recovered fuel

TSR Thermal Substitution Rate

Wy Specific electricity consumption [GJ/ tcement]

TRL Technology Readiness Level

ACO, Reduction in CO, emissions [kgCO3 / tcement]

Helt electrolyzer efficiency
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