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State of the Art Cement Manufacturing

Current technologies and their future development

This study was commissioned by the Mission Possible Partnership (MPP) and the Global Ce-
ment and Concrete Association (GCCA). The report represents the independent research ef-
forts of the European Cement Research Academy (ECRA) to identify, describe and evaluate
technologies which may contribute to increasing energy efficiency and reducing greenhouse
gas emissions from global cement production today, and in the medium and long-term future.
It includes emerging technologies which aim to achieve net-zero CO2 emissions in the pro-
duction of clinker and cement. While the results have been developed and reviewed by
ECRA in exchange with industry experts and with MPP and GCCA project partners, the opin-
ions and views expressed are those of ECRA.

This update of the Technology Papers is a collaboration with the Mission Possible Partner-
ship (MPP), an industry-backed alliance of more than 400 leaders from finance, industry, and
policy. The leading voice on industrial decarbonisation, MPP is focused on action in this dec-
ade to accelerate decarbonisation and make net zero possible by mid-century. Founded by
the Energy Transitions Commission, Rocky Mountain Institute, We Mean Business Coalition,
and the World Economic Forum, MPP has mapped detailed transition strategies and real-
economy milestones for seven hard-to-abate sectors which produce about 30% of global car-
bon emissions: aluminium, aviation, cement and concrete, chemicals, shipping, steel, truck-
ing. Without immediate action, in a business-as-usual scenario these industries alone will ex-
ceed the world’s remaining 1.5°C-aligned carbon budget by 2030.
www.missionpossiblepartnership.org

Please cite this report as follows:

European Cement Research Academy, Ed. The ECRA Technology Papers 2022 - State of
the Art Cement Manufacturing - Current Technologies and their Future Development.
Duesseldorf, 2022. Available at: https://ecra-online.org/research/technology-papers



http://www.missionpossiblepartnership.org/
https://ecra-online.org/research/technology-papers

Page 3 of 217

ECRA Technology Papers 2022

Index of Contents

1
2

3
3.1

3.2

3.3

3.4

3.5

3.6

3.7

3.8

4.2
4.3

4.4
4.5
4.6

4.7
4.8
4.9
4.10
4.1
412

4.13
4.14
4.15
4.16
417
4.18
4.19
4.20

Introduction 6
Key assumptions 8
State of the art 9
State-of-the-art Paper No. 1: Thermal efficiency of cement production: State of
the art and long-term perspective 9
State-of-the-art Paper No. 2: Electric efficiency of cement production: State- of-
the-art and long-term perspective 11
State-of-the-art Paper No. 3: Alternative fuels, raw materials and biomass used in
the cement industry: Long-term perspective 14
State-of-the-art Paper No. 4: Reduction of clinker content in cement: Long term
perspective 17
State-of-the-art Paper No. 5: New binding materials: Long-term perspective for
application in the cement industry 21
State-of-the-art Paper No. 6: Carbon Capture and Storage (CCS): Long-term
perspective for application in the cement industry 24
State-of-the-art Paper No. 7: Carbon Capture and Use (CCU): Long-term
perspective for application in the cement 27
State of the art Paper No. 8: (Re)carbonation: Long term perspective for the
cement and concrete value chain 30
Technology papers 32
Technology Paper No. 1: Improving raw mix burnability e.g. through mineralisers
32

Technology Paper No.
Technology Paper No.

pressure drop

Technology Paper No.
Technology Paper No.
Technology Paper No.

burner

Technology Paper No.
Technology Paper No.
Technology Paper No.
Technology Paper No.
Technology Paper No.
Technology Paper No.

production

Technology Paper No.
Technology Paper No.
Technology Paper No.
Technology Paper No.
Technology Paper No.
Technology Paper No.
Technology Paper No.
Technology Paper No.

production

: Change from long kilns to preheater/precalciner kilns 34

3: Preheater modification through cyclones with lower

36
4: Additional preheater cyclone stage(s) 38
5: Increase of kiln capacity 40
6: Retrofit mono-channel burner to modern multi-channel

42
7: Oxygen enrichment technology 44
8: Efficient clinker cooler technology 46
9: Waste heat recovery: Steam 49
10: Waste heat recovery: ORC 52
11: Waste heat recovery: Kalina Cycle 54
12: Alternative decarbonated raw materials for clinker

57
13: Fuel switch (coal/petcoke to oil/gas) 60

14: Alternative fuels replacing conventional fossil fuels 62
15: Pre-treatment of alternative fuel (grinding, drying) 65
16: Pre-combustion chambers and gasification 68
17: Hydrothermal Carbonisation (HTC) and Torrefaction71
18: Use of hydrogen as fuel 74
19: Electrification, plasma and other technologies 77
20: Recycled concrete fines as raw material for clinker

80



Page 4 of 217

ECRA Technology Papers 2022

4.21

4.22
4.23
4.24
4.25

4.26

4.27
4.28
4.29
4.30
4.31

4.32

4.33
4.34

4.35

4.36

4.37

4.38
4.39
4.40
4.41

4.42
4.43
4.44

4.45

4.46
4.47

4.48

4.48.1
4.48.2
4.48.3
4.48.4
4.48.5
4.48.6

Technology Paper No. 21: Advanced plant control and Al-supported control
systems 83
Technology Paper No. 22: Variable speed drives for fans 85
Technology Paper No. 23: Auxiliary system efficiency 87
Technology Paper No. 24: Energy management 89
Technology Paper No. 25: Optimised cement plant operation with renewable
power 91
Technology Paper No. 26: Cement grinding with vertical roller mills and roller
presses 94
Technology Paper No. 27: High efficiency Separators 96
Technology Paper No. 28: Optimisation of operating ball mills 98
Technology Paper No. 29: Separate grinding of raw material components 100
Technology Paper No. 30: Advanced grinding 102
Technology Paper No. 31: Separate ultra-fine grinding and blending of cements
104
Technology Paper No. 32: Increased cement performance by optimised particle
size distribution (PSD) 106
Technology Paper No. 33: Optimised use of grinding aids 108
Technology Paper No. 34: Reduction of clinker content in cement by use of
granulated blast furnace slag 110
Technology Paper No. 35: Reduction of clinker content in cement by use of
natural pozzolanas 113
Technology Paper No. 36: Reduction of clinker content in cement by use of
natural calcined pozzolana 116
Technology Paper No. 37: Reduction of clinker content in cement by use of
limestone or other materials 120
Technology Paper No. 38: Cements with very high limestone content 123
Technology Paper No. 39: Impact of very high/very low lime saturation factor 125
Technology Paper No. 40: Recycled concrete fines as a cement constituent 127
Technology Paper No. 41: Reduction of clinker content in cement by use of fly

ash

Technology Paper No.
Technology Paper No.
Technology Paper No.
calciumsilicates
Technology Paper No.
silicates

Technology Paper No.
Technology Paper No.
sulfoaluminate clinker
Technology Paper No.
Introduction

Methodology and assumptions

Technology description

Impact on energy consumption and consumables
CO; emission reduction potential

Technical Readiness

42:
43:
44:
45:

46:
47:

48:

131
Reduction of CO; by efficient use of concrete 134
Alkali-activated binders 136

Cements based on carbonates or on carbonation of
138
Other low carbonate clinkers: Pre-hydrated calcium
140
Other low carbonate cements - Belite cements 142
Other low carbonate clinkers: (Belite) calcium
145
147
147
147
149
156
158
162

Carbon capture technologies



Page 5 of 217 ECRA Technology Papers 2022

4.48.7 Investment figures and operational costs 163
4.48.8 Conditions, barriers, constraints, enabling framework 167
4.49 Technology Paper No. 49: CO- use: Basic chemicals, urea, formic acid,
polymers 168
4.50 Technology Paper No. 50: CO; use: Power-to-gas (CHa) 170
4.51 Technology Paper No. 51: CO, use: Power-to-liquids (Methanol) 172
4.52 Technology Paper No. 52: CO- use: Enhanced Oil or Gas Recovery (EOR/EGR)
174
4.53 Technology Paper No. 53: CO; use: Algae capture and fuel production, biofuels
176
4.54 Technology Paper No. 54: Natural Carbonation 178
4.55 Technology Paper No. 55: Enforced (re)carbonation/mineralisation 180
5 Annex I: Key assumptions 184
6 Annex lI: Performance data of reference plant and cost figures used 185
7 Annex lll: References 186
8 Annex IV: Definition of TRL (Technology Readiness Level) 217



Page 6 of 217 ECRA Technology Papers 2022

1 Introduction

The global cement and concrete industry has embarked on a net-zero CO; transition which is
the biggest transformation ever undertaken in this sector. It is beyond question that this
transformation will require tremendous effort, but the cement and concrete producers are
fully committed to making this enormous task a success and delivering net-zero CO, cement
and concrete by 2050.

The sector has elaborated the different decarbonisation pathways which need to be imple-
mented to decarbonise the cement and concrete value chain. On a global level, GCCA, the
Global Cement and Concrete Association, has developed a roadmap for net-zero CO; by
2050. On a regional level, different roadmaps have been elaborated and numerous initiatives
are aiming at localising and accelerating the necessary measures.

As this transformation towards net-zero CO; is so enormous, it is clear that an ongoing ex-
change among all participants along the value chain is necessary. Different roadmaps have
addressed policy tasks which comprise the need for a coherent framework of regulations and
supportive actions. It will be this joint effort of the sector, policy makers and all stakeholders
from the cement, concrete and construction industries, as well as the involvement of society,
which will make the journey towards net-zero CO; possible.

The cement industry has been working on technical solutions not only to make its processes
energy efficient, but which will also allow the decarbonisation of clinker and cement. The
ECRA Technology Papers summarise the different technologies and their impact on energy
demand and CO; emissions. They show detailed operational costs as well as investment fig-
ures. They provide a unique set of documents which enable decision makers in their specific
companies to outline their decarbonisation pathways and ultimately their roads towards net-
zero COa.

This current update of the Technology Papers is part of a cooperation with MPP, the Mission
Possible Partnership, an alliance of climate leaders focused on supercharging decarbonisa-
tion across the entire value chain of the world’s highest-emitting industries in the next ten
years. Together, ECRA and MPP have been engaged in a Sector Transition Strategy for the
cement and concrete sector. As with other sectors in which MPP has worked, each Sector
Transition Strategy defines an aggressive, industry-backed, net-zero pathway. It underlines
what needs to happen over time to meet this trajectory. The goal is to secure commitments
to action in the 2020s from critical stakeholders in the value chain.

The current ECRA Technology Papers provide clear technical guidance to implement the
STS for cement and concrete. They underline the financial aspects of the different decarboni-
sation levers and cluster them in state-of-the-art documents, also addressing the maturity
and the technology readiness levels of the different technologies concerned.

This update of the ECRA Technology Papers is based on previous Technology Papers. Al-
ready in 2009 ECRA addressed all relevant technical measures to lower CO, emissions from
cement manufacturing. Commissioned by the Cement Sustainable Initiative (CSI) of the
World Business Council for Sustainable Development (WBCSD), the 2009 Technology Pa-
pers were the basis for the IEA’s Cement Technology Roadmap. In 2017 — again in a joint
project with CSI — ECRA updated the Technology Papers to form a new basis for the Energy
Technology Perspective (ETP) modelling project of the International Energy Agency (IEA).
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The current update takes into account recent and future developments which are important
for the sector on its transition towards net-zero CO- by 2050. These include the role of sup-
plementary cementitious materials such as calcined clays, the different technologies for cap-
turing CO- at the cement plant, and ways to recarbonate hardened cement pastes to perma-
nently bind CO,.

ECRA would like to thank MPP for its excellent cooperation and its open and constructive
discussions at all times. Great thanks are also owed to GCCA, its management team and its
members for their valuable input and support, but even more so for the spirit which GCCA
has created within the sector to deliver net-zero CO2 concrete by 2050. Finally, ECRA would
like to thank the team of VDZ for its enormous support based on a deep understanding of the
cement and concrete value chain, which has made the compilation of these updated Tech-
nology Papers possible.
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Martin Schneider Volker Hoenig Johannes Ruppert
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2 Key assumptions

The key assumptions, the terminology and definitions used, and the data of the reference
plant are given in Annexes |, Il and IV of this report. The most important assumptions are
summarised as follows:

Reference plant

These Technology Papers provide figures for energy demand, CO- emissions, material in-
puts, operational costs and capital expenditures. As in the previous Technology Papers,
these figures are given in comparison to a reference cement plant if not stated otherwise.
Thus, the investment figures and the operational costs are given as the difference to the ref-
erence plant (“switch cost”).

Key indicators reference plant

The clinker capacity of the reference plant is 6,000 t/d, its CO, emissions 832 kg fossil CO/t
clinker, the clinker cement factor 0.72, the thermal energy demand 3,352 MJ/t clinker, and
the substitution rate of alternative fuels 6.4% (4% fossil-based and 2.4% biomass respec-
tively). These key parameters were chosen according to those given as a global average for
clinker and cement production in the GCCA roadmap for the year 2020. Further detail on the
scope of assessment and any adjustments to the general reference are provided as specific
remarks and conditions in each technology paper.

No inflation taken into account

All investment figures and operational costs refer to 2020 as the reference year. Since infla-
tion is difficult to forecast and can be very different from region to region, no inflation has
been taken into account. The approach chosen is in particular important for large investment
projects such as carbon capture technology. As the projects will be completed many years in
the future, the costs shown and investment figures are mainly to be used as a comparison
between the different technologies.

Regional differences

Investment figures and costs for fuel, electricity and materials as drivers of OPEX can
strongly vary from region to region, as is known from many projects. However, these Tech-
nology Papers aim at global average figures. They have been derived from public infor-
mation, the 2020 ETP-modelling, the NZE by 2050 IEA Roadmap for the Global Energy Sec-
tor, ECRA’s own research, and interviews with industry stakeholders undertaken by ECRA.

CAPEX figures for capture projects

CAPEX figures for capture projects are given for the capture plant only. This allows for better
comparisons between the capture technologies because site-specific investments are ex-
cluded such as onsite intermediate CO, storage, the upgrade of power supply, demolishing
old equipment, water treatment, CO; logistics on site, and finally transport or storage. The
uncertainties in investment figures for site specific investments can require up to 100% addi-
tional investment as compared to the figures for the actual capture plant.

While investment figures are a significant part of the overall expenditures the upcoming cap-
ture projects indicate that the total project costs can still be significant higher. This also takes
into account that — depending on the capture technology and its TRL - first of a kind projects
might require higher effort than those built after certain experience has been gained.
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3 State of the art

3.1 State-of-the-art Paper No. 1: Thermal efficiency of cement production: State
of the art and long-term perspective

Based on the GCCA database (the former CSI “Getting the Numbers Right” data collection)
from 2019, the thermal energy demand for cement clinker manufacturing was 3,460 MJ/t cli
(global weighted average for grey clinker, excluding drying of fuels). This figure covers 22%
of the cement production worldwide and all technologies. The variation in thermal energy de-
mand was from 3,000 MJ/t cli to 4,000 MJ/t cli given as the 10% percentile and 90% percen-
tile respectively of all kilns covered. The highest energy demand is required for the wet pro-
duction process (up to more than 5,400 MJ/t cli), while the lowest figures of around

3,000 MJ/t cli are achieved by state-of-the art precalciner kiln technology linked to large kiln
capacity, low moisture content and good burnability of the raw materials. It has to be
stressed that these data represent yearly averages, whereas performance figures are usually
expressed as short-term (typically 24h- or 36h-average) figures. Depending on the kiln oper-
ation, its utilisation rate and the number of intermittent kiln stops, the short term performance
figures are 150 to 300 MJ/t cli lower than the average annual thermal energy demand.

As cement manufacturing is capital-intensive, the lifetime of cement kilns is usually 30 to 50
years. While new kilns are typically built to adapt capacity to the respective market, existing
kilns and their equipment are continually being modernised. This means that in practice the
original equipment such as preheater cyclones, the clinker cooler or the burner has been al-
most completely replaced after 20 or 30 years and exhibits modern, state-of-the-art technol-
ogy. This underlines that even though kilns might be relatively old, they nevertheless operate
efficiently and according to latest environmental requirements.

Huge retrofits such as changing from wet to dry processing allow a significant step towards
increasing energy efficiency. However, since for these kinds of retrofits a similar investment
as for new Kkilns is required, a new kiln often is the preferred choice to close the efficiency
gap between the old and state-of-the-art technology. In any case, the market demand is the
overarching driver to adjust or replace existing technology.

Thermal energy demand of the clinker production process

The thermal energy demand for clinker production is ruled by the endothermic reactions of
the raw materials with required temperatures of up to 1,450°C for the formation of stable
clinker phases. This corresponds to a theoretical thermal energy demand of already 1,650 to
1,800 MJ/t cli. Depending on the moisture content of respective raw materials, a further en-
ergy demand of about 200 to 1,000 MJ/t cli (corresponding to a moisture content of 3 to 15%)
is required for raw material drying. As a consequence, a theoretical minimum energy demand
of 1,850 to 2,800 MJ/t cli is set by chemical and mineralogical reactions and water evapora-
tion. Furthermore, waste heat from the kiln exhaust gas, the bypass gas and/or cooler ex-
haust air is often used for the drying of the raw materials or other materials such as coal and
petcoke, or cement constituents like granulated blast furnace slag. Also, the recovery of
waste heat for electrical energy production in waste heat recovery processes contributes to
energy savings and correspondingly high energy efficiency. Since most of the even low tem-
perature waste heat streams are used, the overall thermal energy efficiency (expressed as
used energy related to energy input) of cement kilns is very high compared to many other in-
dustrial processes, especially compared to power plants. In consequence, kilns with signifi-
cantly different specific thermal energy input can be equally high-efficient since the heat utili-
sation for raw material drying or electric power generation is taken into account.
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Criteria

The most important factors determining the specific fuel energy demand are:
- Chemical characteristics of the raw materials

(moisture content, chemical composition)
- Mineralogical characteristics of raw material

(raw material types of the respective storage site, burnability)
- Production capacity of the plant
- Technical status of the plant
- Fuel properties, fuel mix and availability (caloric value, reactivity, humidity)
- Kiln operation
The technologies and different impacts on energy efficiency as well as the measures to re-
duce them are described and assessed quantitatively (concerning reduction potential and
costs) in the technology papers. It must be stressed that simply adding up the described re-
duction potentials of single measures in order to calculate total potentials is not feasible.
Firstly, because some measures or technologies have similar or sometimes even conflicting
impacts. Secondly, it is not possible to go beyond the minimum energy demand, meaning
that “one kJ can only be saved once”. It is important to highlight that many thermal energy
reducing measures require additional electrical energy, which can be a conflict which has to
be looked at in detail under the specific measures to be implemented.

Expected development of state-of-the-art techniques

For the time being the dry process with precalcining technology is state of the art. Based on
the GCCA data, the weighted average of the specific thermal energy demand for this kiln
type in 2019 was 3,360 MJ/t cli. The respective figure for 1990 was 3,590 MJ/t cli, equivalent
to a reduction of ca. 230 MJ/t cli over 29 years. In this time period the average kiln capacity
increased significantly. While at the beginning of the 1990s maximum kiln capacities of 5,000
to 6,000 tpd were typical, today maximum capacities can reach from 8,500 to even more
than10,000 tpd. Although there are technical reasons why kiln sizes might be limited to
around 12,000 tpd, the average kiln capacity of cement plants is expected to increase glob-
ally. New kilns tend to be built with higher capacities, not only in growing markets, but for effi-
ciency reasons. Existing, smaller kilns tend to be replaced by larger ones whenever the local
market situation allows for this, or the combining capacities of existing kilns is possible.

A study carried out by VDZ, Germany, in the context of the European BAT process has de-
termined the ranges for the average yearly fuel energy requirement of state-of-the-art cement
kilns based on theoretical modelling and empirical data. These data take all criteria and im-
pacts into account. The number of cyclone stages reflects the need for sufficient waste heat
after the preheater for drying or waste heat recovery if applied:

3 cyclone stages: 3,400 to 3,800 MJ/t cli
4 cyclone stages: 3,200 to 3,600 MJ/t cli
5 cyclone stages: 3,100 to 3,500 MJ/t cli
6 cyclone stages: 3,000 to 3,400 MJ/t cli

Breakthrough technologies which could lead to a significantly higher thermal efficiency are
not in sight.

Based on these assumptions, the specific fuel energy demand of clinker burning (as a global
weighted yearly average) may decrease from 3,460 MJ/t cli in 2019 to a level of 3,300 to
3,400 MJ/t cliin 2030 and to 3,150 to 3,250 MJ/t cli in 2050.
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However, without impairing efficiency, these specific energy data can be higher if additional
waste heat has to be provided for the purpose of cogeneration of electric power. Similar con-
siderations apply if Carbon Capture and Use or Storage (CCUS) is implemented. It is as-
sumed that no wet, semi-wet, semi-dry or long dry kilns will be in operation anymore, except
at sites with wet raw materials or raw materials which require wet preparation.

3.2 State-of-the-art Paper No. 2: Electric efficiency of cement production: State-
of-the-art and long-term perspective

Based on the GCCA database (the former CSI “Getting the Numbers Right” data collection) a
global average electric energy demand for cement manufacturing of around 102 kWh/t ce-
ment was reported for the years 2014 to 2019. Since 2011 the electrical energy demand for
cement production has remained constant. These figures represent around 23% of plants
worldwide, and all technologies and clinker and cement types. The variations are significant:
The 10% best in class show figures of 83 kWh/t cement and below, while the 90% percentile
amounted to 140 kWh/t cement. The variations in the different regions of the world are also
significant. It must be stressed that these data represent yearly averages, whereas perfor-
mance figures are usually expressed as short-term (typically 24h- or 36h-average) figures.
Depending on the plant operation and availability (e.g. the number of kiln or mill stops), mar-
ket situation etc., there can be a significant difference between these levels.

As cement manufacturing is highly capital-intensive, the lifetime of a cement plant is usually
30 to 50 years. However, new assets have predominantly been installed in regions with high
market growth. On the other hand, in many mature markets a trend towards higher product
fineness, higher alternative fuel rates and an additional demand for secondary abatement
technologies have increased energy demand. This has been compensated since the tech-
nical equipment of existing cement plants is being continually modernised, meaning that of-
ten after 20 or 30 years most of the original equipment has been replaced (e.g. preheater cy-
clones, clinker cooler, separators etc.) and has always been adapted to modern technology.
These counteracting developments lead to a more or less constant electrical energy de-
mand. Since grinding makes up for around 70% of the total electrical energy demand for ce-
ment production, further significant steps in reduction of the specific energy demand will be
possible through changing from cement grinding with ball mills (BM) to highly efficient vertical
roller mills (VRMSs) or high pressure grinding rolls (HPGRs). This investment however has to
be seen against the background of the regional market development and the cement perfor-
mance which can be different for the different grinding schemes.

Electric energy demand of the cement process

In the case of dry processing, the total electrical power consumption can be apportioned as
follows: About 2% for raw material extraction, 25% for raw material preparation and grinding,
25% for clinker production plus an additional 3% for fuel grinding, 43% for cement grinding
and 3% for packing and loading. These figures already include an average share of 5% for
cross- sectoral technologies.

As grinding processes consume most of the power, grinding technology has a major impact
on total electric energy demand: Cement plants which use modern grinding technologies —
such as high pressure grinding rolls and vertical roller mills - for raw material and cement
grinding instead of ball mills usually have a lower energy demand.
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However, this has to be seen against the background of operation reliability and also the ce-
ment quality, which can be impacted differently according to mill type.

Electrical energy demand is not only driven by equipment but also strongly dependent on
product properties. Cement performance has an important impact on power consumption.
The higher the cement’s strength development, the finer it typically has to be ground, requir-
ing significantly more energy in the mills. Especially in mature markets a development of the
product portfolio towards higher strength can be observed. This trend can lead to a rising
electrical energy demand although the equipment efficiency improves.

Concerning the clinker burning process, measures which improve thermal efficiency often
need more electric power. For example, the installation of modern grate cooler techniques
causes a reduction in thermal energy use, but increases the consumption of electrical en-
ergy. In addition, specific power consumption has also increased in many countries due to
the use of alternative fuels and because of increased environmental obligations. Alternative
fuels increase the air demand and thus the power demand of clinker production. Lower dust
emission limit values require more power for dust separation, regardless of which technology
is applied. The abatement of other components (like NOx or SO,) requires additional units
which need electricity. The use of SCR technology for NOx abatement, for example, results in
an increase in electrical energy demand of up to 10 kWh/t clinker.

Electrical energy demand cannot only be reduced by updating major equipment. Improving
efficiency of auxiliary systems (especially compressed air) and replacing inefficient medium-
size fans can at least provide minor power savings at short payback times.

Criteria

The most important factors determining the specific electric energy demand are:

- Installed grinding and separator technology for raw material comminution and cement
production

- Intended cement quality/product portfolio

- Emission abatement technologies applied

- Technical status of the plant

- Plant operation and flexibility of operation

- Technology for Carbon Capture and targeted CO. quality (purity and pressure)

The technologies and the different impacts on energy efficiency as well as the measures to

reduce them are described and assessed quantitatively (concerning reduction potential and

costs) in the Technology Papers. It has to be stressed that simply adding up the described

reduction potentials of single measures in order to calculate total potentials is not feasible. It

is not possible to go below the minimum energy demand, meaning that “one kWh can only

be reduced once”. Also, several thermal energy efficiency measures cause an increase in

power consumption.

Expected development of state-of-the-art techniques

Based on the GCCA GNR data, the global weighted average of the specific electrical energy
demand for all participating companies has not been reduced over the past 10 years. But as
described above, continual technological renewal of existing plants, new installations and
large retrofits in emerging markets have compensated the increasing energy demand arising
from product fineness, alternative fuels and abatement technologies.



Page 13 of 217 ECRA Technology Papers 2022

Grinding processes demand the majority of power during production, and in theory there are
still significant savings potentials. It is well known that ideal single particle comminution re-
quires much less energy than large-scale industrial grinding equipment being used today.
But industrial grinding involves handling mass flows of up to 1,000 t/h, which limits the possi-
bilities to focus grinding forces to individual particles. There are no real breakthrough technol-
ogies available today, but there is still significant potential to improve the implemented tech-
nology mix in order to further increase energy efficiency and limit the risk related to the
substitution of existing equipment. This involves high pressure grinding, but also special fine
grinding applications (like separate ultra-fine-grinding), which meet the requirements of to-
day’s product portfolios more efficiently.

Besides the efficiency of the installed equipment, the flexibility of production is of increasing
interest with regard to the intermittent availability of renewable energy sources in some world
regions and with respect to different costs for electrical power depending on the time of the
day. By designing production facilities like grinding plants and silo capacity in such a way that
equipment can be easily started and stopped for relevant time periods, production can be
adapted to the transition of the energy market towards an increased use of renewable energy
and to the spot-price of electricity. This will not reduce but rather slightly increase the abso-
lute power demand, but reduce the indirect CO2, emissions of power generation and the over-
all costs for electricity.

A large number of plants are still using equipment installed 30 to 50 years ago. In many
cases today a retrofit of grinding plants is economically not feasible just through savings in
electrical energy. But the above-mentioned requirements for the use of renewable energies
as well as the further reduction of the clinker-cement-ratio will require larger grinding capaci-
ties for given kiln lines. It is therefore expected that equipment for cement grinding will be sig-
nificantly updated over the coming decades.

With regard to the thermal process, it can be expected that environmental requirements will
increase and that the cement manufacturing process therefore has to be enhanced by more
and more units for emissions abatement (especially for carbon capture technologies, which
are addressed in a separate Technology Paper), resulting in a significant increase in power
consumption.

Based on these assumptions, the specific electric energy demand of cement production with-
out carbon capture may decrease from 102 kWh/t cement in 2019 to a level of about

100 kWh/t cement in 2030 and to 90 to 95 kWh/t cement in 2050 on average. But this
strongly depends on market developments and the required product fineness.

As indicated above this estimate excludes new electricity-intensive technologies like carbon
capture technologies (CCUS). If CCUS is applied on an industrial scale, the power demand
of cement manufacturing will increase significantly. As described in the respective Technol-
ogy Papers, carbon capture technologies will require high power consumption to e.g. supply
consumables like oxygen, pump solvents, operate power driven separation devices like
membrane or cryogenic units and purify and compress the CO: in order to meet the required
conditions of downstream processes. Therefore, CCUS will increase power consumption by
50 to 300% at plant level.
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3.3 State-of-the-art Paper No. 3: Alternative fuels, raw materials and biomass
used in the cement industry: Long-term perspective

The co-processing of wastes as alternatives fuels and the use of alternative raw materials
has a long tradition in the cement industry. However, the degree of using these materials in
the cement production process varies from region to region. The average utilisation rate of
alternative fuels and raw materials is still rather low on a global level. For example, the
GCCA roadmap process has shown that on a global average around 6% of fossil fuels are
replaced today by alternative fuels, roughly two thirds of which are fossil based, and roughly
one third of which is of biomass origin.

From a technical point of view, much higher substitution rates are possible. Experiences in
some European countries show substitution rates of more than 70% on average on a country
level and up to 95% as a yearly average for single cement plants. As the fuel-related CO»
emissions constitute about one third of the total emissions (302 of 838 kg CO/t cli - incl. bio-
genic CO; - for the reference plant), the CO- reduction potential through the use of alterna-
tive fuels can be significant, in particular if they contain biomass or if pure biomass is used.
Besides these direct effects, the use of waste as alternative fuel in cement kilns may contrib-
ute to lower overall CO, emissions. The replacement of fossil fuels and their relevant CO,
emissions by waste materials avoids emissions of these materials, which would otherwise
have to be incinerated or land-filled with corresponding greenhouse gas emissions. This is
particularly important since emissions from landfills consist of about 60% methane, a gas
with a global warming potential 25 times that of CO,. The extent of this effect strongly de-
pends on the waste properties and the local conditions of waste treatment.

The utilisation of alternative calcium-containing raw materials which are already de-car-
bonated offers a chance to reduce process-related CO; emissions from the de-carbonation of
raw materials as well as CO, emissions from the fuel required for decarbonation. Such de-
carbonated raw materials are often already used when available locally and when they are
suitable with regard to the required composition of the raw meal.

Fuel types

Typical alternative fuels classified as wastes are waste tyres, waste oil and solvents, pre-
treated industrial and domestic wastes, plastic, textile and paper wastes etc. Pure biomass
fuels used in the cement industry today are mainly waste wood, sawdust and animal meal.
Besides these fuels, many other organic waste materials are used as fuels in the cement in-
dustry globally, however to a smaller extent. Fuels containing biomass are mainly pre-treated
industrial and domestic wastes containing certain parts of organic fibres and textiles or pa-
per. In principle, it is also possible to use other organic materials as fuel, such as natural
wood or certain grass types (e.g. miscanthus), other fast-growing species or cultivated green
algae. However, today this is only of local relevance for the cement industry, mainly for eco-
nomic reasons and because of limited availability.

In the coming years, the use of hydrogen— in addition to alternative fuels — can contribute to
the reduction of fuel-related CO, emissions in the cement industry. When pure hydrogen is
used as a fuel, only water (H20) is released instead of carbon oxides. Another advantage of
using hydrogen in the cement industry is the high efficiency compared to other industries, as
no process-related compression of the gas is required.
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The biggest challenge is the availability of a sufficient amount of carbon neutral “green” hy-
drogen, and in particular carbon neutral electricity needed for its production. Currently, the
use of hydrogen as a fuel in the cement industry is of no relevance. In the future, an average
share of 10% hydrogen of the total thermal energy demand seems possible (see Technology
Paper No. 18).

Raw materials

The local availability of suitable de-carbonated raw materials is often limited. Typical alterna-
tive raw materials are blast furnace slag, lignite ash, foundry sand, recycled concrete fines,
carbide sludge, or lime residues from different industries. These materials may exhibit a sig-
nificant CO; reduction potential depending on the de-carbonated fraction, which may vary
strongly even for the same material, such as e.g. in the case of recycled concrete fines.
Some materials can be used both as alternative raw materials for clinker production but also
as SCMs in cement such as granulated blast furnace slag, fly ashes or pozzolana (see State-
of-the-art Paper No. 4). Further preparation steps may be needed to improve the quality of
the material. In particular, alternative raw materials from wastes may require careful testing
with regard to their suitability for use in the clinker production process.

Alternative raw materials may also allow the optimising of the lime saturation factor (LSF).
The respective savings in CO2 emissions and energy are covered in Technology Paper
No. 39.

Criteria

- In principle, cement kilns can utilise up to 100% of alternative fuels. Nevertheless, there
are certain technical limitations, like their chemical composition, their calorific value, or
their content of trace elements or chlorine. The calorific value of most organic material is
comparatively low (10 to 18 GJ/t). For the main firing of the cement kiln an average
calorific value of at least 20 to 22 GJ/t is required. In the precalciner of modern cement
kilns, in which up to 65% of the fuel input is realised, the lower process temperature also
allows the use of low calorific fuels. When low-calorific fuels are used as well as in cases
when a by-pass is needed, the specific fuel energy demand will increase to a certain
extent. However, also under these circumstances the use of alternative fuels results in a
reduction of CO2 emissions.

- The technical and operational experience in using alternative fuels is available within the
cement industry, which is a major criterion as cement kilns operate differently at higher
rates of substitution of conventional fuels with alternative fuels.

- Higher substitution rates will normally require respective waste management and waste
legislation in the given region. Sometimes it is difficult to compete with landfills, and
policies need to incentivise the valorisation of alternative fuels in cement plants.

- The social acceptance of using wastes as alternative fuels in cement plants is of
relevance.

- For the use of separately grown biomass crops, the availability of agricultural areas,
especially in densely inhabited regions, is of relevance.

- COgq legislation will have a significant impact on waste markets and the availability of
biomass fuels for the cement industry.

- Hydrogen as an additional fuel requires sufficient carbon neutral electricity for its
production.
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- The local availability of suitable de-carbonated raw materials is often limited. Significant
reduction potentials can probably only be achieved at very few sites with specific
alternative raw materials.

Expected market development

Cement producers not only contribute to a circular economy by using alternative fuels or raw
materials, but can make economic benefit by substituting fossil fuels and conventional raw
materials. Due to the different market prices and the contribution to energy and CO, savings
in clinker production, alternative fuels and raw materials play an important role in the transi-
tion of the industry towards a net-zero CO; sector.

In the future it can be expected that cost for using alternative fuels and especially biomass
will increase due to the overall market development and the need to process and pre-treat
new waste streams accordingly. The benefit against fossil fuels, however, will remain, in par-
ticular when CO: costs are taken into account.

The utilisation of alternative calcium-containing raw materials (like blast furnace slag, lignite
ash, concrete crusher sand, carbide sludge, aerated concrete meal or lime residues) which
are already de-carbonated offers a chance to reduce CO, emissions. Nevertheless, the avail-
ability of such de-carbonated raw materials is often limited — or they are used as SCM in ce-
ment. In rare cases and depending on local availability, substitution rates up to the amount of
15% of the raw meal may be realistic.

Development of state-of-the-art techniques

Itis very difficult to predict levels for the future substitution of conventional fuels by waste or
biomass fuels due to the large number of economic, political and societal criteria described
above. It has to be stressed that the achievement of higher substitution rates depends more
on political and legal aspects than on technical ones.

Based on the GCCA roadmap, the substitution rate in 2050 is expected to be slightly above
40%, roughly two thirds of which will be fossil wastes and roughly one third of which will be
biomass. Differences in substitution will remain between regions, based on existing waste
markets, waste management systems and waste legislation.
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3.4 State-of-the-art Paper No. 4: Reduction of clinker content in cement: Long
term perspective

Based on the GCCA Roadmap data for the year 2020, the clinker-to-cement ratio on a global
level was 72%. With a total cement production of about 4,200 Mio. t this was equivalent to
the use of around 1,160 Mio. t of supplementary cementitious materials (SCM) substituting
clinker. The variations of the clinker-to-cement-ratio in the different world regions were signifi-
cant in 2020: An average clinker-to-cement ratio of 66% (2015: 57%) has been reported for
China based on the use of significant amounts of fly ash and slag. In Europe, for example,
the average clinker factor was 77%. Today, materials like blastfurnace slag, fly ash, natural
pozzolanas or limestone meal are available globally in respective quantities, their regional
availabilities are however very different. From a technical point of view, lower average values
in the clinker-to-cement ratio are possible.

Materials which can substitute clinker in cement

Cements that contain SCM as other constituents besides clinker exhibit a lower clinker-to-
cement-ratio than Portland cement and consequently show less overall CO, emissions per
tonne of cement. SCMs can have hydraulic and/or pozzolanic activity or filler properties and
contribute positively to the cement performance.

Granulated blast furnace slag (GBFS): Molten iron slag is a by-product of the pig-iron pro-
duction process and can be quenched in water or steam. The glassy, granular product GBFS
exhibits latent hydraulic behaviour. Its hydraulicity must be activated, e.g. by calcium hydrox-
ide that is formed by the hydration of clinker. As this reaction is slower than the clinker hydra-
tion, cements containing GBFS usually exhibits a lower early strength if ground to the same
fineness and a lower heat of hydration. On the other hand, these cements often show higher
long-term strength and particularly improved chemical resistance.

Fly ash (FA): Fly ash is obtained by the electrostatic or mechanical precipitation of dust-like
particles from the flue gases from furnaces fired with pulverised coal. FA can be siliceous or
calcareous and has pozzolanic properties. Therefore, silicious FA contain alumosilicate
phases which can react with calcium hydroxide formed by clinker hydration and contribute to
strength development. Calcareous FA may have some hydraulic properties besides the poz-
zolanic properties. Since the reaction of pozzolanic material is slower than that of clinker, ce-
ments containing FA typically show a lower early strength compared to ordinary Portland ce-
ment (OPC) at similar fineness. They exhibit a lower water demand, an improved workability,
a higher long-term strength and - depending on the application - a better durability such as
an increased resistance against sulfate attack.

Pozzolanas: Natural pozzolanas are usually materials of volcanic origin or sedimentary rocks
with suitable chemical and mineralogical composition. Natural calcined pozzolanas are mate-
rials of volcanic origin, clays, shales or sedimentary rocks, activated by thermal treatment
such as calcination. Other pozzolanic materials such as rice husk ash can also have particu-
lar local relevance. Silica fume, a by-product in the production of silicon and ferro-silicon al-
loys, is a very effective pozzolanic material because of its extreme fineness and its high silica
content. However, its worldwide availability is very limited. All pozzolanas contain siliceous or
aluminosilicate phases which can react in the hardening cement paste and contribute to its
strength development. In comparison to Portland cement, the early strength of pozzolana-
containing cements decreases with the increasing proportion of pozzolana.
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They show a similar workability, a higher long-term strength and in particular an improved
chemical resistance.

Limestone: The use of limestone as a constituent in cement is an efficient method to reduce
the clinker content of cement. However, limestone does not significantly contribute to the
strength formation of the hardening cement paste. If imestone-containing cements are ad-
justed to give the same strength as OPC they have to be ground to a higher fineness. The
amount and quality of limestone in cement as well as its quantity are decisive for the re-
sistance of the hardened paste to acids and sulphates and its freeze-thaw-resistance. Typi-
cally, limestone leads to a better workability of the concrete. Dolomitic limestones can also
be used as a cement constituent if they have a sufficiently high carbonate content.

Recycled fines from mineral construction waste (recycled concrete fines) can be used in
Portland composite cements as cement constituent. The amount can vary widely from 5 to
around 20%, depending on standards or application rules. Portions of cement hydrate
phases in the recycled fines that have not yet been carbonated can take up CO- by natural or
enforced carbonation. Depending on the proportion of hardened cement paste, enforced car-
bonation can result in a significant pozzolanic effect and lead to a denser structure of the
hardened cement paste. As a positive side effect of their use as an SCM, recycled fines can
permanently bind additional CO- and preserve primary resources.

Recent developments use synergetic effects of optimised combinations of calcined clays and
ground limestone as SCMs, allowing a clinker reduction of up to 50% and maintaining a simi-
lar performance to existing cements.

Criteria
The use of other constituents in cement besides clinker depends on different criteria:

- The availability, properties, and prices of the materials, the intended application of the
concrete in which the cement is used, national standards and market acceptance.

- The regional availability of clinker-replacing materials varies considerably. For example,
the availability of GBFS depends on the locations and output of blast furnaces for pig-
iron production. In 2020, an estimated amount of 300 Mio. t/a GBFS was produced
worldwide. In the context of global decarbonisation, pig iron production is to be
increasingly shifted to Direct Reduced Iron-process (DRI) with hydrogen. This is
expected to lead to a significant decline in the available quantities of slag. Findings on
the properties of the resulting slag and its suitability as a cement component are not yet
available.

- Fly ash (FA) is produced in coal-fired power plants. The worldwide production in 2020
was estimated at about 600 Mio. t, not all of which however is suitable for cement or
concrete production. The future number and capacity of coal-fired power plants is very
difficult to predict. But in the course of the increasing use of renewable energies, the
number of coal-fired power plants and thus the availability of fly ash will also decrease
significantly.

- Considerable resources of natural pozzolans such as trass or pumice, with a wide
variation in reactivity can be assumed worldwide. Reliable data on the current worldwide
production or which proportions are used as cement constituents are difficult to derive.
As a rough estimation, the amount used for cement and concrete is probably around
20 Mio. t.
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- Clays or shale as raw materials for natural calcined pozzolans are available worldwide in
significant quantities. For cement production clays do not need the ceramo-technical
properties which are required for brick or ceramic production. So far and on a global
average, the volumes of cement being produced with natural and natural calcined
pozzolans is rather low. However, due to their good availability, their lower CO. footprint
as compared to clinker and their very good contribution to cement performance, these
materials will have a great potential to replace granulated blast furnace slag and fly ash
as well as clinker in future clinker-efficient composite cements.

- Limestone for clinker production is available for most cement plants, and will be
available worldwide practically unlimitedly. As a general rule, limestone as a cement
constituent must have a high carbonate content in order to be primarily frost-resistant.
The availability of such pure limestones may be limited in some regions. Dolomitic
limestones can also be used as cement constituent if they have a sufficiently high
carbonate content.

- Waste concrete or other mineral construction waste as a source of recycled fines are
usually available in large quantities. After crushing and separating of coarse recycled
aggregates in processing plants, up to 30% fine material (< 2mm) usually remains, which
can generally be used as recycled fines. Areas for processing and storage as well as the
influence of additional transport efforts in the processing and to the cement plants must
be taken into account.

- The properties of SCMs are very important and always have to be assessed with
respect to the intended application of the cement. In general, the more reactive the
material (hydraulic, latent-hydraulic, pozzolanic behaviour), the easier it is to substitute
the clinker without significantly changing the cement properties. As a rule, the early
strength decreases with decreasing reactivity of the cement components and the curing
of concretes becomes more important. Furthermore, composite materials must not affect
the technical properties and environmental compatibility of cement and concrete.

- The prices of SCMs depend on the local situation. They are predominantly determined
by the regional availability and the costs to process and transport them.

- In addition to improving environmental efficiency, cements with SCMs offer the possibility
of combining the advantages of the individual components. This enables an even more
precise adaption of the concrete composition and properties to the expected
requirements and allows a wide range of application. The increased use of such
cements in mortar or concrete must always be ensured by appropriate workability and
durability, adequate strength development, and, if necessary, sufficient resistance to
aggressive media. For example, blast furnace cements can contain up to 80% or even
95% of GBFS. However, due to their low strength development these cements are only
suitable for very special applications such as mass concrete or marine constructions.
For most concretes, however, the requirements are less specific. This applies for exam-
ple to interior components in which higher proportions of clinker can certainly be re-
placed by inert materials such as ground limestone. By lowering the concrete’s w/c ratio,
most of the disadvantages with regard to durability can be compensated for, so that
even ambitious concretes can be produced with cements with a high limestone content.
Difficulties in workability can be compensated by using plasticisers.
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- The use of composite cements requires that cement and concrete standards and rules
have to be revised. The testing methods under which cements and concretes have to
prove their performance had originally been made for cements with higher clinker
content than in tomorrow’s clinker-efficient ones. This needs to be adapted while at the
same time ensuring the use of concrete for safe and durable buildings and
infrastructures.

- The market acceptance of clinker-efficient cements currently still depends mostly on
the early strength of the cements. The ecological advantages of these cements (lower
CO, footprint, resource-saving) will become more and more evident and will facilitate
their acceptance. Cement and concrete manufacturers will have to make joint efforts
together with planners, architects and construction companies to take advantage of
these new carbon-efficient cement. This also includes a procurement scheme to take the
CO:, efficiency of cement and concrete more into account that has been done in the past.

Expected development of clinker reduction in cement

The increased use of calcined clays, natural pozzolans, ground limestone or recycled fines
as SCMs will not only compensate for the decreasing quantities of fly ash and granulated
blast furnace slag. These SCMs will also allow to further reduce the clinker factor in all re-
gions. Average cement compositions with 8% to 16% calcined clays or natural pozzolans
and up to almost 20 % limestone are partially predicted for 2050. A reduction of the world-
wide clinker-to-cement-ratio to approx. 59% seems possible.

It has to be considered that in some countries such as China, the US and several European
countries, SCMs are used as concrete additions based on the building traditions. The local
standards apply and the CO- saving potential is the same as for the use of SCMs in ce-
ments.

While SCMs will play a growing role in tomorrow’s cements, clinker will still be the most im-
portant cement constituent. There is no material in sight today which could replace clinker on
a broad scale — with respect to the amount of clinker needed, the availability of sufficient raw
materials to produce it, and with respect to its performance in concrete, which ensures safe
and durable buildings and infrastructures.

Remark:

Estimations on the impact of SCMs on energy consumption, CO; reduction potential and
costs of cement production in the corresponding Technology Papers No. 34 to 38 are based
on a comparison to Portland Cement (clinker/cement ratio: 95%). Unless otherwise de-
scribed, all other estimates are based on a comparison with an average generic cement
(clinker/cement ratio: approx. 72%).
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3.5 State-of-the-art Paper No. 5: New binding materials: Long-term perspective
for application in the cement industry

Alkali-activated binders

Suitable materials to produce alkali-activated binders are alumosilicates, which can be of nat-
ural (natural pozzolana) or industrial origin (metakaolin, fly ashes, granulated blast furnace
slags - GBFS). The global availability of these materials is limited and existing volumes of
such alumosilicates are currently being used as supplementary cementitious materials
(SCMs) in cement and concrete production. The high sensitivity to different water contents
makes alkali-activated binders difficult to use in ordinary concrete applications, especially
since concrete aggregates often exhibit very different moisture contents, so quality control
may well be the overriding problem in practice. Operational safety while working with highly
alkaline activators (sodium hydroxide or alkali-silicates) has to be assured, which might
cause some difficulties on the building site. In comparison to classical cements and con-
cretes, the properties of alkali-activated binders very strongly depend on the starting material
properties, their chemical composition, temperature and moisture etc. Currently, no real cost
figures are available, but some case studies reveal that costs tend to be higher than for con-
ventional concrete. This mainly depends on the activator’s costs. A first industrial plant has
been built in Australia. Reportedly, durable concretes can be produced with up to 60 MPa
and higher strength (with heat curing) and with high temperature resistance (due to less
chemically bound water) for pavers, pipes etc. and even for pavements. To derive the CO,
footprint of these materials, the contribution of the activators must be taken into account. In
summary, even if technical barriers might be overcome, alkali-activated binders will only be
able to be produced regionally in limited quantities for niche products.

Cements based on the carbonation of calcium-silicates

The raw materials (limestone and quartz) are globally available in abundance. Low lime cal-
cium-silicates such as wollastonite (C/S = 1), can be burnt at about 250 °C lower burning
temperatures in comparison to Portland cement clinker in conventional cement plants. The
clinker is non-hydraulic but hardens by means of carbonation. Its non-hydraulic properties al-
low for easy transport and storage because it is insensitive to moisture. Water only enables a
certain workability of the fresh concrete for casting and is mainly removed during CO- curing
and can be collected and reused. Due to the non-hydraulic properties of the binder a very
long workability of fresh concrete and an almost complete recycling of residues is possible.
The active carbonation of the silicates via CO- rich atmosphere at ambient gas pressures
serves as an effective CO; sink. Based on the today’s global clinker-to-cement factor of 72%,
the possible CO, savings potential is around 60% if the CO, produced during the clinker
burning process is captured and reused for carbonation. Operational safety during working
with CO- has to be assured. Therefore, such technology seems to be rather suitable for pre-
cast plants near CO; emitters for the production of unreinforced precast elements. Concrete
properties are adjustable via the composition and especially by the duration of CO2>—curing.
Reportedly, concretes with up to 80 MPa with sufficient durability (e.g. railway sleepers, pav-
ers) can be produced. Currently no real cost figures are available. Reportedly, a commercial
launch is planned in the near future in some key markets in North America and in Europe for
the manufacturing of concrete elements such as paving stones, roof tiles and concrete
blocks. In the mid-term view this binder system has the potential to substitute conventionally
produced unreinforced prefabricated elements to a greater extent.
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Cements based on pre-hydrated calcium-silicates

The synthesis of non-hydraulic calcium-hydrosilicates (CHS) by hydrothermal process as
precursors is known from calcium-silicate production. The conversion to hydraulically active
calcium-hydrosilicates via heating (partly dehydration and amorphisation) is also a known be-
haviour and feasible in classical kilns. Currently no real cost figures are available for such a
procedure. The essential raw materials, limestone and quartz, are globally available in great
abundance.

One approach is the activation of autoclaved non-hydraulic CHS-precursors (e.g. a-C,SH)
phase by special grinding to hydraulic calcium-hydrosilicates (hCHS). These phases react
with water to calcium-silicate-hydrates (C-S-H), contributing to strength development. The
autoclave and activation-grinding process differs widely from the conventional cement manu-
facturing process. Thus, new analytical methods are under development and must be further
optimised. Reportedly, the binder is compatible with conventional cements (blending possi-
ble) and ordinary admixtures. The fresh concrete behaviour is nearly the same as for con-
ventional concrete. The hydration characteristics are almost the same as for classical CSH-
based systems. The strength development and the final strength vary in the same range as
conventional cements (cement standard strength up to 80 MPa). During hydration — which
does not generate Ca(OH). - a matrix with a very low permeability is formed very early, which
might be advantageous for high durability issues. A CO- saving potential between 30 and
50% compared to average Portland cement clinker is reported. Compared to average global
cement composition (clinker-to-cement factor of around 72%) the saving potential might be
correspondingly lower. Currently no real cost figures are available for such a procedure. A
first industrial plant with a capacity of 50,000 t/a is planned for 2024/2025.

Cements based on belite

Belite cements are based on the same and very abundant raw materials also needed for tra-
ditional cement production. They can be produced with a lower lime saturation factor (LSF)
and at lower temperatures around 1350 °C in conventional cement plants. The higher hard-
ness of belite in comparison to classical clinker requires extra energy for grinding.

Belite clinkers have a lower hydraulic reactivity compared to alite, leading to a decelerated
development of early strength that is considered unsatisfactory by most customers. An in-
crease of its hydraulic reactivity can be achieved by thermal treatment (rapid cooling rate)
and by the incorporation of foreign elements (such as K, Na, S, B, Fe, Cr and Ba) in the
clinker. Rapid clinker cooling has proved to be an economic hurdle, as the heat from the
clinker cannot be sufficiently recuperated with the currently known systems. Increased alkali
contents might be a concern for Alkali Silica Reaction (ASR) in concrete.

The properties of concretes made with belite cements are well known. Concretes with belite
cements exhibit a low water demand, an excellent workability and a dense microstructure
(less portlandite) and high long-term strengths as well as a very moderate development of
hydration heat. Compressive strength development can be significantly increased by heat
treatment. Due to the relatively low strength development in combination with the relatively
low CO; saving potential, such cements are only used for regionally-specific applications
such as massive concrete structures or dams. Furthermore, the properties of concretes from
belite cement can also be achieved by the use of conventional cements, in particular CEM IlI.
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In countries that have been using belite cements for a long time, e.g. China, belite clinker as
well combinations with other clinker types, e.g. CSA clinker, are expected to replace Portland
cement clinker by up to 5% (see next section).

Cements based on (belite) calcium-sulphoaluminate clinker

In comparison to Portland cement clinker, for the production of belite calcium-sulfoaluminate
clinker (BCSA clinker) higher amounts of alumina and sulphate containing raw materials are
necessary. The clinker can be burnt in conventional cement plants at 150 to 200 °C lower
sintering temperatures. A procedural disadvantage of all sulphoaluminate cements is the in-
creased tendency to the formation of build-ups during the burning process due to the limited
stability of ye’elimite (C4A3$) and internal recirculating sulphate systems in the kiln. BCSA
clinkers are more friable and therefore easier to grind. BCSA cements mainly contain the
phases belite (C2S), ye’elimite and gypsum. During hydration, ettringite and aluminium hy-
droxide (high early strength) as well as CASH-phases (later strength) and monophases are
formed. The strength development and concrete durability depends on the composition of
BCSA cements (aluminates: high early strength; silicates: high late strength). Concretes usu-
ally show a high sulphate resistance but often less carbonation and chloride migration re-
sistance. Due to low alkalinity BCSA clinker is not a good activator for conventional supple-
mentary cementitious materials. Basically, comparable properties as known for Portland
cement concrete can be adjusted. At present less than 2 Mio. t/a of CSA cements (CSA >
40%) are produced and used mainly in China for structural and non-structural concrete. The
amount of produced BCSA cements (Belite > 40%) might be lower, while BCSA cements are
mainly used for non-structural applications due to the lack of standards. Small cement quan-
tities are also produced in Europe, which can be applied according to technical approvals. In
the mid-term view this binder system has the potential to substitute Portland cement clinker-
based binders to a few percent.

Expected development of new binding materials

A lot of interesting approaches and the further development of existing concepts will be ap-
plied increasingly in order to substitute a small share of cements based on Portland cement
clinker. However, from a mid-term perspective, none of the new binding materials presented
in this paper possess the potential to replace cements based on Portland cement clinker on a
larger scale. The new binding materials and systems presented will develop and enter the
market for niche products with regional importance, e.g. for repair mortars, quick cements
and other cementitious preparations. Their use and further development depend among
other things on legal framework, standardisation processes, CO.-emission costs, market ac-
ceptance etc. Some similarities to Portland cement properties might be of help in developing
and understanding the key parameters that determine the long-term performance of the bind-
ers.



Page 24 of 217 ECRA Technology Papers 2022

3.6 State-of-the-art Paper No. 6: Carbon Capture and Storage (CCS): Long-term
perspective for application in the cement industry

CO; capture and storage is an approach to CO, abatement by which CO, arising from large
point sources such as industrial processes is captured and stored away from the atmosphere
permanently. It is now widely acknowledged that because of the high degree of process-re-
lated CO- emissions, the capture and storage (or utilisation) of CO, from cement plants is re-
quired to achieve the goal of net-zero CO- emissions. In addition, the storage of biogenic
CO2 which also results from the combustion of biomass or many alternative fuels can result
in negative emissions. This is referred to as bio-energy carbon capture and storage, abbrevi-
ated as BECCS. Carbon capture and storage is referred to as CCS and carbon capture and
utilisation is referred to as CCU. In general terms both pathways are referred to together as
CCuUs.

The cement industry has been investigating the application of carbon capture technologies
for more than 15 years. Various capture concepts have been looked at against the back-
ground of the dedicated conditions of cement manufacturing, and different technologies to
capture CO; have since been developed. They are grouped into post-combustion, oxyfuel
and other integrated processes. Although the capture methods exhibit different levels of tech-
nical maturity, the technical feasibility of carbon capture in the cement industry is proven from
prototype up to demonstration tests.

Initially, when the first concepts of carbon capture technologies were being examined in the
cement industry, technologies which had already reached a high TRL in other industries such
as scrubbing with amines or calcium looping were adapted to the specific boundary condi-
tions of cement production. Chemical absorption by amines, and in particular by monoethan-
olamine (MEA) had been extensively applied in industrial processes. It has also been proven
to work on an industrial scale in the power sector. Today, MEA is the most mature solvent.
Its application in CO2 capture has a TRL of 8 to 9.

Among the different capture possibilities, post combustion technologies are the least com-
plex ones with regard to their application in cement manufacturing. However, the need to fur-
ther improve their energy efficiency leads to a further development of back-end solutions. Ad-
sorption processes using physical bonding (like membranes, pressure swing adsorption
(PSA), temperature swing adsorption (TSA) and cryogenic capture) are rapidly developing
and could be available in the medium term. So far, they have not reached a TRL higher than
5to7.

The higher the CO2 concentration when entering the capture unit, the more efficient the cap-
ture process is. This puts the focus on the development of integrated technologies enabling
high CO; concentrations from the cement clinker production process to be captured. Oxyfuel
technology, integrated Calcium-Looping and indirect calcination have shown to be proven on
prototype and pilot scale with TRLs up to 7.

Several industrial scale projects have been announced to come into operation by 2030 or
earlier, which will pave the way for commercialisation (TRL > 8). As the choice for an appro-
priate capture technology is very site specific, the cement industry will apply a mix of technol-
ogies.
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Currently, the costs for CO2 capture amount from 40 to 80 €/t CO; avoided. For first-of-a-kind
capture plants these costs can be higher. However, it is expected that the CO, capture cost
will decrease in the future according to the technical and scientific progress in capturing tech-
nology. The above figures do not include additional costs for CO, transport and storage,
which have a significant impact on the total costs of the CCS chain, depending on the plant
location and access to CO; transport and storage infrastructure.

CO; capture technologies

A variety of capture technologies can be applied to cement clinker production. These tech-
nologies differ in their maturity levels and also in their overall capture costs. The greatest dif-
ference between these technologies is their level of process integration. Strongly integrated
technologies like oxyfuel, integrated calcium looping or indirect calcination lead to an overall
change of the conventional kiln design and also require the kilns to be operated differently,
while post-combustion capture does not interfere with the kiln operation.

All chemical post-combustion technologies have in common that CO- is bound by a sorbent,
the regeneration of which requires thermal energy. Post-combustion technologies can be
classified according to the interaction between the CO; molecules and the capture material
as chemical (absorption) and physical separation (adsorption) processes.

The most advanced post-combustion technology is based on chemical absorption because
operational experiences are available in the cement industry, and high abatement rates are
achievable. To operate a full-scale application, the thermal energy amount for regenerating
the solvent is today quite high. To lower this energy demand and the related capture costs,
waste heat from the clinker burning process can be used to cover the additional energy re-
quired for desorption. However, the available thermal heat at the site depends mainly on the
needs for drying purposes or other waste heat recovery, such as electricity co-generation.

Calcium looping is another chemical post-combustion technology. It relies on the cycling cal-
cination and decarbonation of calcium oxide (mainly limestone used as sorbent), meaning
that synergies can be generated because the deactivated sorbent can be used as an alterna-
tive raw material in the clinker burning process. If applied as a tail end process the overall
process design leads to a significant amount of waste heat which can be used to generate
additional electrical power. Another version includes the combination of the calciners of the
capture plant and the cement plant, which envisages the reduction of additional thermal en-
ergy. This concept is highly integrated and uses raw material as a sorbent, which can also be
used as kiln feed after its deactivation. The adsorption potential of raw material is smaller in
comparison with pure limestone.

The energy penalty of physical adsorption processes can be lower than for chemical post-
combustion technologies like amine scrubbing. CO; adsorption and desorption in a repeated
cycling is forced by either temperature (temperature swing adsorption, TSA) or pressure
(pressure or vacuum swing adsorption, PSA/VSA) imposed on solid materials, which are
filled in different types of reactors. The technological readiness strongly depends on the spe-
cific sorbents. They are still under further development, in particular with respect to their sen-
sitivity towards impurities, their CO- capture rate and their achievable CO- purity. Adsorption
processes can be combined with cryogenic capture units. The cryogenic separation process
makes use of differences in the boiling points of the flue gas components. The technology
combination has been proven in other industrial applications such as H» production.
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In the long term, membrane technologies can also be a candidate for post-combustion CO-
capture at cement kilns if membranes with sustained high separation performance can be
found and developed for industrial scale application. First pilot scale projects have recently
been started in cement plants.

Oxyfuel technology is currently seen as one of the most energy efficient and economic candi-
date for CO- capture at cement kilns, although it also increases operational costs signifi-
cantly. The use of oxygen instead of air in the cement kiln firing results in a comparatively
pure CO, stream, which can be supplied to a CO- transport and storage infrastructure with
less effort for purification.

Oxyfuel technology involves the use of traditional cement plant equipment and commercially
available units, which makes the integration less complicated. The operation of crucial plant
units (calciner, burner, cooler) has been tested on pilot scale and at high CO2 concentrations
in industrial surroundings (CEMCAP project), leading to a TRL of these single units of 7. Of
most importance for the oxyfuel process is - from a technical point of view - the required re-
duction of false air ingress into the kiln system.

To reduce the technological complexity of the integration of new technologies on the conven-
tional kiln system, separate indirect calcining is proposed to focus on capturing CO; from the
calcination process only. The capture efficiency is high but still limited to 60-70% of the total
CO2 emissions from the clinker process. The LEILAC technology (Low Emissions Intensity
Lime and Cement) involves an indirectly heated calciner, which allows the separation of CO;
released from the raw material. In combination with other technologies such as the use of de-
carbonised or biomass fuels or electrical heating, production without CO» emissions could be
achieved.

Photosynthesis in algae or the use of CO- in greenhouses can also be seen as direct CO-
capture (and use at the same time). Overall, however, photo-catalytic reduction of CO.is to-
day still at a pilot stage (TRL < 6), technically but also with regard to its potential to be scaled
up to higher CO, volume streams.

The transport and storage of CO.in amounts which arise from industrial sources like cement
production require a dedicated CO- transport and storage infrastructure. While technological
solutions are proven in large scale storage projects, e.g. in the US, and in enhanced oil re-
covery (EOR) projects, the costs, the relevant legal framework (especially for cross border
transport) and social acceptance have to be addressed for large scale industrial applications.
The mapping of potential CO; storage sites and their capacities on a global level indicates
sufficient storage capacity to allow the cement industry’s process emissions to be taken up,
at least over the time period of the next 50 to100 years. For example, Norway will start its
first injection of CO, from industrial sources into off-shore storage sites in 2024, as in the
Northern Lights project. It is expected that around 200 Gt of CO, can potentially be stored in
the territory of the North Sea.

Pipelines will be the only long-term solution to transport relevant amounts of CO. from indus-
trial point sources to the storage sites. Depending on the local circumstances, in the short-
term CO; transportation by ship or railway can play an important role. R&D and standardisa-
tion efforts for the planning and development of CO; pipelines as well as investigations into
reusing existing pipelines for natural gas are advancing. Today’s projects face transport and
storage costs, which can amount to more than 100 €/t CO.. It is expected that costs will de-
crease down to 60 €/t CO, based on a fully developed infrastructure.
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3.7 State-of-the-art Paper No. 7: Carbon Capture and Use (CCU): Long-term
perspective for application in the cement

CO; capture and utilisation is an approach to CO, abatement by which CO- arising from
large point sources like industrial processes is captured and reinserted into a carbon cycle
(Carbon Capture and Utilisation: CCU). Currently, CCU is the subject of many research pro-
jects and efforts to advance the integration of carbon use in different industries. CCU tech-
nologies are not specific to the cement industry, but can be linked to CO; from any capture
process. The cement and lime industry are being discussed as CO, sources for CCU due to
the generation of unavoidable process CO. from the calcination process, originating from the
raw material limestone. The carbon accounting for CO; reuse is subject to life cycle assess-
ments, but also to accounting regulations, which are about to be developed. These regula-
tions will define carbon cycles which are sustainable. At the same time, they must assure
consistency with existing policies such as CO; trading schemes and must avoid double
counting. Finally, these regulations will have to take into account the economics of CO, re-
use, since there is a practical necessity to allow for a long-term business perspective of in-
dustrial CCU, in particular in cases where storage of CO; is not yet an option.

COg; is a very stable molecule and its reuse requires sufficient amounts of energy. Most com-
monly hydrogen is used as the reactive partner and it is clear that all energy required for the
hydrogen generation must be from carbon-neutral sources — otherwise this option would re-
sult in a net increase of the CO, emissions.

For most reuse technologies a dedicated upstream CO- capture process has to be applied,
producing a CO- gas stream with the required quality and purity. However, there are also
technologies where the capture and reuse of CO; are integrated into one process step.
Whether the use of CO, can be carried out on the same site or in the vicinity of the capture
plant depends on various parameters such as the availability of a transport infrastructure for
CO., hydrogen or renewable electrical energy. Furthermore, synergies of the capture pro-
cess with the utilisation of CO2 through heat integration can improve the overall efficiency of
converting the CO..

Carbon use technologies

Currently enhanced oil and gas recovery (EOR, EGR) is the most important utilisation of cap-
tured CO.. It is state of the art in the oil and gas industry and it is economically viable, de-
pending on the oil and gas price and CO- costs. The objective is not only to enhance the oil
or gas production by the injection of CO- (tertiary recovery) but also to store CO- in cases
where this has been captured as part of the oil and gas production process itself.

To reduce the need for traditional fossil carbon resources as feedstock in the chemical indus-
try, carbon-based chemical products and fuels can make use of CO; captured from industrial
sources or from the atmosphere. The participation of the cement industry in creating such
sustainable carbon cycles will be an important option for cement plants in addition to storage
sites and also requires a respective CO; transport infrastructure.

There are no principle technical limits for the reuse of captured CO; in chemical reactions
with hydrogen (hydrogenation) to produce products like fuels, basic chemicals, polymers, etc.
The hydrogen in most cases has to be produced by water electrolysis using carbon-neutral
electrical energy.
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Oxygen as a second reaction product of the water electrolysis could be used for an oxyfuel
capture process in a cement kiln and several projects propose to use this in synergy.

The production of methane by CCU belongs to the so-called power-to-gas (PtG) concept. In
the case of liquid reaction products (methanol, hydrocarbons, carboxylic acids, etc.) it be-
longs to a power-to-liquids (PtL) concept. A more general name subsuming the different op-
tions for catalytic reactions between CO, and H:is power-to-X (PtX). These and other op-
tions for the production of basic chemical products from captured CO- as an alternative
source of carbon as a raw material, the technical feasibility of production processes at large
scale, significant energy requirements and the economics are currently the subject of inten-
sive research.

For large and long-distance transports, where it is not yet feasible to switch to electrified en-
gines, hydrogen motors or fuel cells, the production of synthetic fuels is being discussed as a
key CCU technology for fast reduction of CO, emissions and avoiding the use of oil and gas
as fossil resources. The capture of CO; and its reuse for the production of fuels could be-
come an interesting approach for the storage of excess energy from renewable sources. Alt-
hough, the fuels deliver CO; again as a combustion product, the total CO, emissions will -
from a life cycle point of view - be significantly reduced. An important advantage for this op-
tion is that the markets and the applications for gas and liquid fuels are already there and the
storage capacities (especially the natural gas grid) are very high. Concepts for synthetic fuel
production often focus on dedicated supplies for aircrafts, ships and trucks in rural areas. A
complete life cycle assessment for CCU for the generation and use of synthetic fuels should
encompass the energy demand, energy use efficiency and remaining CO, emissions to the
atmosphere.

Mineral carbonation, which is the reversed process of calcination, happens in a natural and
slow way, but can also be enforced as a way of storing and utilising CO; from the clinker pro-
duction. More on the different types of re-carbonation can be found in the state-of-the-art pa-
per No. 8. Another example of CCU for the production of a chemical compound is the so-
called Skymine process. Further details are described in the context of mineral carbonation
(see Technology Paper No. 48).

The reuse of CO- for the production of microalgae is an option which has already been inves-
tigated in pilot projects with flue gases from cement kilns. An advantage of this technology is
that the CO-containing flue gas could be used without further purification. Trace components
like NOx do not seem to have adverse effects on the algae growth. The produced algae can
be used e.g. as animal feed. The integration of nutrient cycles, e.g. of phosphorus, is an im-
portant element to achieve sustainable solutions with a potential for scale-up. A significant
constraint is however the huge space requirement of the algae farms.

It has to be mentioned that in addition to the discussed reuse options, other technological

pathways are also being investigated such as electrochemical or biochemical conversions.
However, these technologies are in early stages of development and exhibit a lower tech-

nical readiness level.

There are also small markets for the use of pure CO gas streams in the food sector, for dry
ice production or as supercritical solvents, etc. A combination of many versatile sales mar-
kets can lead to the generation of added value to otherwise unavoidable CO, emissions.
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Criteria

- Hydrogen or electrical power based on carbon neutral energy resources, including
appropriate infrastructures for scaling of CCU processes

- Infrastructure for linking CO- sources and processes using CO,

- Economics strongly depend on revenues from the CCU products

- Establishment of new value chains for CCU and a respective carbon management

- Regulatory and legal framework for carbon accounting

Expected development of carbon use

The technological readiness (TRL) level and its ongoing progress is very different depending
on the targeted chemicals or fuels. Some processes are already being applied commercially.
In general terms, a wide range of the TRL from 4 to 9 can be indicated for relevant technolo-
gies from a 2022 perspective.

Most of the utilisation technologies are in an early stage of development so that cost num-
bers are difficult to estimate. In general, all reuse technologies have a significant demand for
carbon-neutral energy. The cost of this energy and the revenues of the CCU products will be
important factors to make CCU economically viable.

Today it is very difficult to predict how the different CO, reuse technologies will develop over
the next decades. Much depends on the political framework and establishment of favourable
conditions for CCU. This refers to the regulations on sustainable carbon cycles, energy taxes
and duties, the availability of carbon neutral energy at a competitive price, and an estab-
lished carbon price. Factors like the consumer’s willingness to pay for a certain product and
the environmental benefit of using CO- as a carbon resource also play an important role in
the competitiveness of CCU.
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3.8 State of the art Paper No. 8: (Re)carbonation: Long term perspective for the
cement and concrete value chain

Carbonation is the formation of calcium carbonate from calcium-containing hydration prod-
ucts in the hardened cement paste of concrete. In this process, calcium silicate hydrate
(CSH) phases and portlandite (Ca(OH). react with CO» to calcium carbonate and the pH
value drops to below 9. The rate of natural carbonation is low in normal concrete under ambi-
ent conditions. Usually only a few centimetres of the concrete cover are affected by carbona-
tion during the lifetime of concrete. Thus, a dense concrete cover protects the reinforcing
steel from corrosion and ensures durable reinforced concrete elements. During its use, con-
crete on average takes up an amount of CO; equivalent to 20% of the respective CO, emis-
sions from clinker production, leaving a remaining carbonation potential of about 80%. The
carbonation of cementitious materials is recognised and considered as a CO: sink, as the In-
tergovernmental Panel on Climate Change (IPCC) has stated in its report of August 2021.
Various model approaches exist, which predict different degrees of CO, incorporation de-
pending on the assumptions being made and the model input data being used. Theoretical
CO; absorption quantities can be calculated for hardened cement pastes and concrete ele-
ments (see Technology Paper No. 54). In principle, the same amount of CO- as is released
from limestone during clinker production (calcination) can be completely re-integrated into
the hardened cement paste.

Carbonation can be enforced when exposing hardened cement paste to humid atmospheres
of high CO- concentration (see Technology Paper No. 55), aiming to bind as much CO; as
possible in a short time. While very little CO. can be bound in fresh concrete, significant
amounts of CO; of up to 35 mass-% related to cement can be bound during the enforced
carbonation of concrete products after demoulding. Such high CO. uptake rates are not only
due to the carbonation of hydrate phases and portlandite, but also to the carbonation of parts
of the unhydrated calcium silicates. This type of enforced carbonation is currently used on a
limited scale in a few countries such as China or India.

More common in the production of unreinforced concrete elements such as pavers is the
carbonation of the upper millimetres of the concrete surface by a short CO, treatment in a
CO.-chamber in order to effectively reduce the efflorescence tendency of concrete products.

Cement paste in crushed concrete or in recycled concrete fines has a high carbonation
potential and can be almost completely carbonated relatively quickly. With appropriate mois-
ture and CO; conditions, fine-ground hardened cement paste can be carbonated to around
80% after about 15 minutes and nearly completely after a 2 hours’ treatment. Due to the car-
bonation of calcium silicate hydrates and calcium silicates, amorphous silicates with a poz-
zolanic reactivity remain. Fine ground, carbonated cement paste can be used as an SCM in
composite cements. First standards have been developed such as EN 197-6 on a European
level.

In principle, industrial systems for the carbonation of crushed concrete or hardened cement
paste and for concrete product treatment already exist, such as curing chambers with steam
and/or CO.. Nevertheless, enforced carbonation of crushed concrete or hardened cement
paste is not yet being operated on an industrial scale. First pilot projects exist. Some further
development is necessary to adapt existing systems to enforced carbonation.
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Expected development of (re)carbonation

Enforced carbonation of hardened cement paste has the potential to be a promising CCU
technology for the cement industry and could be a key element combining the decarbonistion
of cement and concrete and its contribution to a circular economy. On the one hand, CO;
emitted from clinker production can be incorporated, and on the other hand, the material
produced can be used as a possibly pozzolanic cement constituent to reduce the clinker
factor (see Technology Paper No. 40).

A challenges is certainly the large quantities of material to be handled. For one tonne of
hardened cement paste, theoretically about 5 t of crushed concrete has to be processed. The
efficient and effective separation of crushed concrete from the construction and demolition
waste has to be further developed. Also, the separation of the hardened cement paste from
the aggregate must be further improved. For further processing appropriate interim storage
areas are needed as close as possible to the demolition site or the cement plant in order to
minimise transports. The CO; treatment process should be designed for a high throughput of
crushed concrete and concrete fines to ensure a high CO- uptake with the shortest possible
retention times. For a direct use of flue gases from cement kilns for COz-treatment, local
proximity between the waste concrete processing and the cement plant would be of great ad-
vantage.

Compared to the existing recycling practice for concrete, enforced carbonation requires as
much concrete as possible which has to be collected for recyling, such as the reuse of
crushed concrete components for the production of new fresh concrete (recycled
aggregates) or for the cement production (recycled hardened cement paste as an SCM).

For all CO»-treatment systems, the highly corrosive effect of the resulting carbonic acid on
metal elements must be taken into account.

A special form of hardening via the carbonation of unhydrated calcium silicates such as e.g.
Wollastonite is described in Technology Paper No. 44.
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4 Technology papers

41 Technology Paper No. 1: Improving raw mix burnability e.g. through
mineralisers

Certain constituents which are contained in the raw material or are added to the raw material
mix to promote clinker formation can have an important influence on the burning behaviour.
Acting as fluxing agents, even in small quantities they can lower the viscosity of the melt at
the same temperature and generally also lower the temperature at which the clinker melt be-
gins to form.

Mineralisers are substances promoting the formation of clinker compounds without participat-
ing in the formation reactions. Since many substances act as mineralisers as well as fluxing
agents, it is usually not possible to differentiate between them. In this respect fluorides are
particularly effective. They strongly promote the formation of tricalcium silicate (CsS) and re-
duce the lower temperature limit of its stability range.

The fuel energy demand is reduced if the sintering zone temperature required for clinker for-
mation is lowered, e.g. by using mineralisers. From model calculations for a modern kiln, it
has been estimated that a reduction in the sintering temperature of 200 K may result in a
saving of fuel energy of up to 5%. Fluoride contents of up to 1% mass-% of F" in the kiln feed
do not alter the composition of the cement clinker but do promote clinker formation with the
result that the sintering temperature is lowered by about 150 K. Furthermore, the addition of
up to 1% mass-% of calcium fluoride (CaF2) lowers the dissociation temperature of calcium
carbonate, resulting in a total reduction potential of up to 180 kJ/kg cli. However, the saving
potential of this measure is limited. Although the addition of small quantities of mineralisers
can improve product quality, larger quantities will affect quality and the kiln operation through
increased coating formation.

Additional costs of mineralisers and/or fluxing agents need to be considered carefully. The
most frequently used CaF-: is especially cost intensive and fuel savings usually do not out-
weigh the additional costs. However, if alternative raw materials containing fluoride are used,
the impact on production costs can be positive. In general, however, the availability of such
materials is limited.

Impact on energy consumption

thermal: decrease of MJ/t cli electric: increase of kWhtt cli
50 to 180 up to 1

CO, emission reduction

direct: decrease of kg CO2/t cli indirect: | increase of kg CO2/t cli
4to 16 up to 0.6

Material input

mineraliser/fluxing agent 0.25% of F- mass-% in clinker
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Technical Readiness

TRL 2022: 9

The main influencing parameters are

- Chemical properties, mineralogy and fineness of the raw mix and mineralisers/fluxing
agents

- Impact on clinker quality

- Raw mix control and kiln feed homogenisation

- COg intensity of fuel mix

Cost estimation

Cost estima- New installation Retrofit
tion Investment Operational Investment Operational
[Mio €] [€/t cem] [Mio €] [€/t cem]

2020 not applicable | 0.09 to 0.56 not applicable 0.09t0 0.50
decrease decrease

2030 not applicable | 0.08 to 0.56 not applicable 0.08 t0 0.56
decrease decrease

2050 not applicable | 0.10 to 0.56 not applicable 0.10to 0.56
decrease decrease

Remarks:

- Impact on operational costs include fuel savings and additional power consumption.
Market prices for mineralisers as well as negative costs of alternative raw materials
containing fluoride have not been taken into account. Usually, no significant investment
is required.

- All other technical and financial assumptions been made are given in Annex | of this
document

Conditions, barriers, constraints, enabling framework

- Costs of mineralisers can be the key factor. In countries with abundant resources of
fluoride, the use of mineralisers is expected to be less cost intensive

- Grindability of clinker may deteriorate

- Increased coating formation in the sintering zone is possible

- Impact on clinker quality is possible

- Impact on kiln operation and product properties is possible
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4.2 Technology Paper No. 2: Change from long kilns to preheater/precalciner
kilns

The dry process with cyclone preheaters and precalciner is the state-of-the-art technology for
cement clinker production. Nevertheless, many long dry or long wet kilns still exist worldwide
and are being replaced over time. Compared to long dry and wet kilns, the preheater tech-
nique with 3 to 6 cyclone stages improves the calcining efficiency by drying and preheating
the raw material using the kiln exhaust gas.

A long wet or long dry kiln does not have a preheater or precalciner, a reason why its energy
consumption is comparatively high. For long wet kilns - due to the energy required for water
evaporation - it can be up to 6,000 MJ/t clinker. A retrofit of a long wet or long dry kiln to a
multi-stage preheater or a kiln with precalcining technique may be a feasible, but expensive
measure for reducing energy consumption.

Energy savings through a retrofit depend strongly on the specific energy consumption of the
existing kiln as well as the number of cyclone stages to be installed. These savings can
range from 900 MJ/t for a long dry kiln and up to 2,800 MJ/t clinker for a long wet kiln, both in
comparison to a modern preheater system with precalciner and a modern clinker cooler. A
new preheater increases the precalcination of the raw meal before entering the kiln inlet with
the consequence of the throughput of the kiln to be increased or to be doubled. Typically, the
kiln length may be shortened which reduces radiation losses and refractory lining as well as
stress on the kiln shell through torsion. However, a large increase in production capacity is
likely to require substantial modifications of the cooler, raw mill, cement mills and further in-
stallations to handle the higher clinker production capacity. Therefore, the cost of converting
a long dry or wet kiln plant to a preheater plant with or without a precalciner may be very
high. A wet raw material preparation in a so-called “semi-dry” system may still be required,
depending on the type of raw material (e.g. chalk) used, limiting the energy saving potential
significantly.

Impact on energy consumption

thermal: decrease of MJ/t cli electric: decrease of kWhtt cli
900 to 2,800 upto5

CO-, emission reduction

direct: decrease of kg CO2/tcli | indirect: decrease of kg CO2/t cli
80 to 250 up to 2.8

Material input

not applicable
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Technical Readiness

TRL 2022: 9

The main influencing parameters are

- Initial specific fuel energy consumption of the long kiln
- Life cycle of the quarry

- Raw material humidity and number of cyclone stages
- Throughput capacity

- COqintensity of alternative fuels

- CO: intensity of external power consumption

Cost estimation

Cost estima- New installation Retrofit
tion Investment Operational Investment Operational
[Mio €] [€/t cem] [Mio €] [€E/t cem]
2020 not applicable | not applicable 70 to 100 2.811t09.07
decrease
2030 not applicable | not applicable 70 to 100 2.811t09.10
decrease
2050 not applicable | not applicable 70 to 100 2.791t0 8.97
decrease
Remarks:

- The cost estimation for the retrofit cannot be based on a clinker capacity of 2 million t/a
(6,000 t/d), because long dry and wet kilns with that capacity do not exist. Therefore, the
investment costs given in the table are only indicative for smaller capacities and may be
significantly higher depending on local conditions as well as the extent of further plant
modifications useful or required in conjunction, e.g. modernisation of the grate cooler or
the introduction of alternative fuels (Technology Papers No. 8 and 14). Depending on the
specific situation, the construction of a new kiln line within the existing infrastructure may
therefore be more feasible. The mentioned change in operational costs include only fuel
and power savings. Saving potential may be less if raw materials with very good
grindability (e.g. chalk) are used.

- All other technical and financial assumptions been made are given in Annex | of this
document

Conditions, barriers, constraints, enabling framework

- Very high investment costs incur with this measure

- Economics are ruled by fuel, power and CO- price

- Possible capacity increase depends on the potential of throughput increase of single
installations (e.g. cooler, raw mill, cement mill)

- Economics can be improved by replacing primary fuels with alternative fuels
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4.3 Technology Paper No. 3: Preheater modification through cyclones with
lower pressure drop

Multi-stage cyclone preheaters are main components for the heat exchange of raw gas and
raw meal in the clinker burning process. Typically, there are at least 3 and up to 6 cyclone
stages, based on the moisture content in the raw material. The pressure loss of the whole
preheater increases with the number of cyclone stages. Installing state of the art cyclones
with lower pressure drop therefore reduces the power consumption of the exhaust gas fan
system. Low pressure drop is achieved by geometrical optimisation of the cyclone with nearly
constant separation of the kiln meal.

For each hPa of pressure loss reduction 0.12 to 0.15 kWh per ton clinker of electric energy
can be saved depending on the efficiency of the fan. While for most existing kilns of older
type this amounts to savings of 0.6 to 1.5 kWh per ton clinker, savings of 3 kWh/t cli and

4 kWh/t cli have been reported in two U.S. cement plants.

Furthermore, a better distribution of solid material and the gas phase may result in an im-
proved heat exchange. At a 3,000 t/d plant, a reduction of heat consumption by 25 MJ/t cli
has been reported for a replacement of common top cyclones with counter-current cyclones.
Electrical power savings were in the above-mentioned order of magnitude of 0.85 kWh/t cli.
However, the lower pressure drop allowed a production increase of 5%, which decreased the
specific electricity savings and increased the specific thermal energy savings to 0.34 kWh/t
cli and 33 MJ/t cli.

Replacement by low pressure drop cyclones can be economically reasonable when the foun-
dation and tower structure of the existing preheater are usable without rebuilding. In practice,
the pressure drop is often balanced by a higher air volume flow, increasing the kiln capacity.
The costs of such a refurbishment are very site specific.

Impact on energy consumption

thermal: decrease of MJ/t cli electric: decrease of kWhtt cli
up to 33 up to 1.5

CO, emission reduction

direct: decrease of kg COy/tcli | indirect: decrease of kg CO./t cli
upto3 up to 0.8

Material input

not applicable
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Technical Readiness

TRL 2022: 9

The main influencing parameters are

- Efficiency and volume flow of the ID fan

- The need for extra capacity influences energy saving / CO- reduction potential

- Temperature/number of cyclone stages

- Pressure drop and efficiency of existing cyclone stages before modification and actually
achieved parameters

- Power price

- CO: intensity of (external) power generation

Cost estimation

Cost estima- New installation Retrofit
tion Investment Operational Investment Operational
[Mio €] [€/t cem] [Mio €] [€/t cem]

2020 not applicable | not applicable 8to 10 up to 0.20
decrease

2030 not applicable | not applicable 8to 10 up to 0.21
decrease

2050 not applicable | not applicable 8t010 up to 0.19
decrease

Remarks:

- The investment cost estimation is based on a clinker capacity of 2 million t/a (6,000 t/d),
with constant specific costs over time. Investment costs include the replacement of 3
cyclone stages (double string preheater). The impact on operational costs is based on
the saving potential for a 3,000 t/d kiln as described above and includes the saving of
electricity costs. Actual operational costs may vary significantly due to site-specific
conditions.

- All other technical and financial assumptions been made are given in Annex | of this
document.

Conditions, barriers, constraints, enabling framework

- The rework is dependent on the situation of basement and tower structure of the
preheater
- The use of exhaust gas fans with adjustable speed drives may optimise the process
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44 Technology Paper No. 4: Additional preheater cyclone stage(s)

The preheater cyclone is designed for heat transfer between hot gases from the burning pro-
cess and kiln feed. Energy savings can be achieved by reducing the temperature of the hot
gas through heat recovery with an additional cyclone stage within certain limits regarding raw
material moisture.

Usually, the cement raw materials are dried in the raw mill with kiln exhaust gases. There-
fore, the preheater of a cement kiln is designed based on the heat demand of the raw mill.
This determines the number of cyclone stages of a new kiln. The raw material moisture de-
pends on raw material type, geographical location and season. Worldwide it can vary in a
range of minimum 2 to 3% mass-% and in certain cases exceed 20% mass-%. The tempera-
ture and therefore the enthalpy in the kiln exhaust gas strongly depend on the number of pre-
heater cyclone stages. A 6-stage preheater/precalciner plant using fossil fuels shows ex-
haust gas temperatures of about 280°C, a 5-stage preheater 310°C, a 4-stage preheater
350°C and a 3-stage preheater (which is less common) more than 500°C. The higher the
number of existing cyclone stages, the lower is the remaining reduction potential per cyclone
stage.

The addition of a cyclone stage is only feasible e.g. if the original design was very conserva-
tive, meaning that the raw material moisture content is below reference in relation to the
given number of cyclone stages on-site. A high amount of alternative fuels has in some
cases led to an increase in the preheater exit gas temperature over time (sometimes by up to
60°C), which may allow for the addition of an extra cyclone stage. As the upper cyclone
stage is normally designed double string (for better dust separation), at least two stages of
the preheater have to be modified. The existing preheater tower structure must allow for an
increase in height and therefore structural load. Due to a higher pressure drop, a larger ex-
haust gas fan may be required, leading to an increase in electric power consumption of the
kiln. This effect can be limited by using modern low pressure drop cyclones (Technology Pa-
per No. 3). Finally, dust cycling in the preheater can be affected (with effect on power con-
sumption and kiln operation).

The thermal energy demand of a 4-stage cyclone preheater kiln would e.g. decrease by 80 to
90 MJ/t clinker if a 5™ stage was added with respect to reduced heat losses. A conversion
from 4-stage to 5-stage or 5-stage to 6-stage preheater and no additional power consump-
tion is assumed in the following estimate.

Impact on energy consumption

ther- decrease of MJ/t cli electric: not available, kWhtt cli
mal: 80 to 100 increase possible

CO, emission reduction

direct: decrease of kg COy/tcli | indirect: not available, kg CO./t cli
7t09 increase possible

Material input

not applicable
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Technical Readiness

TRL 2022: 9

The main influencing parameters are

- Raw material moisture content
- Site conditions (free space, material supply, statics of preheater tower)
- COq: intensity of the fuels
- Additional power demand due to increased pressure drop - may be limited if low

pressure drop cyclones are installed

Cost estimation

Cost estima- New installation Retrofit
tion Investment Operational Investment Operational
[Mio €] [€/t cem] [Mio €] [€E/t cem]

2020 not applicable | not applicable 5t08 0.251t0 0.31
decrease

2030 not applicable | not applicable 5t08 0.251t0 0.31
decrease

2050 not applicable | not applicable 5t0 8 0.2510 0.31
decrease

Remarks:

- The cost estimation covers 2 new cyclone stages (1 stage replaced, 1 additional stage,
2-string preheater) including construction and installation. A site-specific cost estimation
also has to include a new fan and/or preheater tower modification/rebuilding (etc.) as
required. Therefore, costs may increase beyond the numbers given. Against this
background, additional electricity costs may be neglected, provided that low pressure
drop cyclones are used.

- All other technical and financial assumptions been made are given in Annex | of this
document.

Conditions, barriers, constraints, enabling framework

- Raw material moisture is the key factor

- Preheater tower construction might need to be adapted

- Heat required for drying of other materials must be taken into account

- Use of exhaust gas fans with adjustable speed drives may optimise the process

- Impact on efficiency is limited if exhaust gas temperature is on a low level already
- Technology is only applicable to dry preheater kilns

- Technology is in competition with waste heat recovery
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4.5 Technology Paper No. 5: Increase of kiln capacity

As the clinker-specific energy requirement is directly dependent on the dimension of the
clinker kiln, an increase of the kiln capacity is linked to a reduction of specific CO, emissions.
For higher clinker throughputs the plant components are larger dimensioned and conse-
quently the total heat losses are increased. However, relating to the produced amount of
clinker, (specific) heat losses fall with increasing plant size. In this way the thermal energy
demand can be reduced. Due to decreased volume flows as a consequence of lower specific
heat losses, it is also possible to reduce the specific electric energy demand (e.g. for fans).
Investment in capacity increase can be an economically viable solution in growing markets or
if two (or more) old kilns can be replaced by one new big kiln. The investment usually cannot
be justified by the reduction of energy use or CO; emission only. In the first case, the main
driver is the market need for more cement. In the second case, additional drivers are re-
duced maintenance and labour costs.

A simulation study has shown that compared to a medium size plant with a clinker through-
put of 3,000 t/d, the thermal energy requirement rises by more than 200 MJ/t cli for a 1,500
t/d plant, but is reduced by about 100 MJ/t cli for a 5,000 t/d plant. Furthermore, a new instal-
lation has the advantage of including other technologies for CO2 emission reduction, such as
a modern multi-channel burner to fire high rates of alternative fuels or waste heat recovery
systems. Besides the reduction of specific heat losses, the energy efficiency could be further
increased by using advanced technology compared to older, less efficient plants. In this way
it is possible to reduce the thermal energy efficiency by more than 400 MJ/t cli by replacing
two less efficient 3,000 t/d plants by one 6,000 t/d BAT-plant. As other technologies are de-
scribed in other technology papers, this study only considers the described effect of capacity
increase.

Although the energy efficiency is enhanced by increased kiln capacity, the replacement of
smaller existing plants by one larger plant is linked with very high investment costs. Also, the
level of capacity increase can be limited by the local availability of limestone.

Impact on energy consumption

ther- decrease of MJ/t cli electric: decrease of kWhtt cli
mal; 150 to 200 2to4

CO-, emission reduction

direct: decrease of kg COy/tcli | indirect: decrease of kg CO./t cli
1310 18 1t02.3

Material input

not applicable
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Technical Readiness

TRL 2022: 9

The main influencing parameters are

- Technology used for new installation (state-of-the-art)

- Plant efficiency

- Local conditions (size of limestone deposit, raw meal and clinker properties etc.)
- Thermal substitution rate

- Average transport distances for resources and products (additional fuel)

Remark:

The impact on the energy demand is related to a comparison of a 3,000 t/d with a 6,000 t/d
BAT — cement plant.

Cost estimation

Cost estima- New installation Retrofit
tion Investment Operational Investment Operational
[Mio €] [€/t cem] [Mio €] [€/t cem]

2020 up to 290 0.55100.83 not applicable not applicable
decrease

2030 up to 290 0.6t00.9 not applicable not applicable
decrease

2050 up to 290 0.58 t0 0.86 not applicable not applicable
decrease

Remarks:

- The cost estimation is based on a clinker capacity of 2 Mio. t/a (6,000 tons per day) with
constant specific costs over time. The operational costs are difference costs to the base
case. They include only power and fuel saving. Labour and maintenance are not
included in the operational costs.

- All other technical and financial assumptions been made are given in Annex | of this
document.

Conditions, barriers, constraints, enabling framework

- High investment costs
- Sufficient raw material deposit
- Legal and environmental conditions
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4.6 Technology Paper No. 6: Retrofit mono-channel burner to
modern multi-channel burner

State-of-the-art burners in the cement industry are multi-channel burners which allow the use
of different kinds of fuels at comparatively low primary air ratios. The primary air ratio de-
scribes the ratio of cold burner air and total combustion air. Primary air is understood as the
whole air which is led through the burner for transporting the fuels and to stabilise the flame
with swirl and axial air. Secondary and tertiary combustion air is preheated in the clinker
cooler to 600 to 1000 °C (depending on cooler type and operation) and led to the kiln and the
calciner respectively. If the primary air ratio is reduced by replacing e.g. a mono-channel
burner with a multi-channel burner, a bigger share of hot combustion air can be taken from
the cooler, leading to a decrease in fuel energy demand.

Mono-channel burners are basically a refractory-lined single pipe with a nozzle, often used in
kilns equipped with direct firing (the burners are in direct compound operation with the coal
mill). Primary air and fuel are conveyed together through the mono-channel for combustion
into the rotary kiln. A mono-channel burner also has some operational disadvantages: The
exit speed obtains a fixed velocity at the tip of the burner by design of the nozzle diameter.
The velocity cannot be adjusted during operation. Furthermore, the shaping of the flame by
changing the burner adjustment is also not possible during operation, e.g. in order to opti-
mise the temperature profile in the sintering zone.

In many countries the mono-channel burner was replaced first by multi-channel burners (first
generation). In the 1990s, so-called Low-NOy burners were developed, which are based on a
very low primary air ratio. In those countries where significant quantities of waste fuels are
used, these Low-NO burners are being increasingly replaced by new multi-channel burners,
again using higher primary air ratios.

If mono-channel burners are replaced by modern multi-channel burners, fuel energy can be
saved because the latter require a significantly lower primary air volume flow. While mono-
channel burners need primary air ratios of 20 to 25%, modern multi-channel burners are op-
erated with around 8 to 12%. Depending on the secondary air temperature, reduction of the
primary air ratio by 5 to 10% will lead to a fuel energy saving of 50 to 80 MJ per ton clinker at
conventional kilns and about half of this at precalciner kilns. The electrical energy demand
will remain more or less unchanged as the higher consumption for control fittings and air de-
livery channels can be offset by the reduction of the primary air.

Besides the energy saving effect, modern multi-channel burners have several advantages
concerning kiln operation: NOx emissions may be reduced due to the decreased oxygen
availability in the core flame. Furthermore, these modern burners allow the use of significant
amounts of alternative fuels. These effects are not considered further in this paper.

Impact on energy consumption

thermal: decrease of MJ/t cli electric: no significant kKWhtt cli
25 to 37 for a impact
precalciner kiln

CO, emission reduction

direct: decrease of kg COy/tcli | indirect: no change kg CO./t cli
221t03.3
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Material input

not applicable

Technical Readiness

TRL 2022: 9

The main influencing parameters are

- Reduction of primary air ratio and recuperation efficiency of clinker cooler
- COqintensity of fuel mix

Remark:

The impact on the energy demand is related to a comparison of a modern multi-channel
burner with a mono-channel burner in direct compound operation with the coal mill, and both
firing 100% coal in a precalciner kiln. Energy saving can be doubled for a preheater kiln.

Cost estimation

Cost estima- New installation Retrofit
tion Investment Operational Investment Operational
[Mio €] [€/t cem] [Mio €] [€/t cem]

2020 not applicabe | not applicabe 0.5t0 0.66 0.07 to 0.11
decrease

2030 not applicabe | not applicabe 0.5t0 0.66 0.08t00.12
decrease

2050 not applicabe | not applicabe 0.5t0 0.66 0.081t00.12
decrease

Remarks:

Conditions, barriers, constraints, enabling framework

Investment cost based only on price for new burner and the reference precalciner kiln
Costs can be lower if only the difference between the new and the replaced burner is
taken into account
Energy saving is lower in precalciner kilns

Operational costs include absolute fuel cost only

All other technical and financial assumptions been made are given in Annex | of this

document.

Investment cost
Prices trends for primary and alternative fuels will determine this measure




Page 44 of 217 ECRA Technology Papers 2022

4.7 Technology Paper No. 7: Oxygen enrichment technology

In general, the use of oxygen-enriched combustion air in the clinker burning process allows
an increase in the energy efficiency, production capacity or substitution of fossil fuels by low
calorific value or alternative fuels containing biomass. Experience with oxygen enrichment
has shown a reduction of specific energy demand by up to 5%, which results in a respective
reduction of the CO2 emissions.

By the use of additional oxygen, the nitrogen fraction of the combustion gas is decreased,
thus less combustion air has to be heated up as compared to conventional combustion with
ambient air. Consequently, the adiabatic flame temperature rises and the flame becomes
shorter and brighter. The degree of oxygen enrichment is limited due to potential damage to
the kiln refractory and due to potentially higher NOx emissions because of an increase in
thermal NOx formation in the sintering zone. However, some research projects in the field of
oxygen enrichment have been conducted in the past years, and the relation between the the-
oretical increase of NOy formation and the use of oxygen enrichment technology was not
conclusive. In practice, the application of the oxygen enrichment contains potential for further
optimisation with respect to NO, emission reduction. Due to reduced secondary air flow, the
heat recuperation in the clinker cooler might also be affected, for example by a higher sec-
ondary air temperature.

The oxygen enrichment technology is established in some cement plants in order to improve
production capacity in periods of high market demand. An increase of 25 to 50% (short term
experiments) kiln capacity by oxygen enrichment to 30 to 35 vol.-% in the combustion air has
been reported. Other experiences show that under certain conditions oxygen enrichment is
limited to an oxygen concentration of 23 to 25 volume% in the combustion air. Oxygen en-
richment has not been applied to reduce CO; emissions so far, but the use of enriched com-
bustion air may result in fuel savings and thereby avoids CO- production. The decision for a
dedicated oxygen supply system (on-site/off-site) depends on the specific need of the ce-
ment plant. Oxygen production itself leads to comparatively high additional electrical power
consumption.

Impact on energy consumption

thermal: | decrease of 100 MJ/t cli electric: increase of kWhtt cli
to 170 10to 35

CO, emission reduction

direct: decrease of 9 to kg COy/tcli | indirect: increase of kg CO./t cli
15 6 to 20

Material input

not applicable
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Technical Readiness

TRL 2022: 9

The main influencing parameters are

Cost estimation

Location of the oxygen supply system (on-site or off-site)
Electric energy demand of the air separation unit (oxygen generation technology)
Clinker quality
Type of oxygen supply

Position of oxygen injection

Oxygen purity (influences energy demand of oxygen production)

Cost estima- New installation Retrofit
tion Investment Operational Investment Operational
[Mio €] [€/t cem] [Mio €] [€/t cem]

2020 55to 11 increase of 55to 11 increase of
0.4t01.9 0.4t01.9

2030 5.5t0 11 decrease of 5.5t0 11 decrease of
0.4to2 0.4to2

2050 55to 11 decrease of 55to 11 decrease of
0.3to 1.6 0.3to 1.6

Remarks:

- The cost estimation is based on a clinker capacity of 2 Mio. t/a, with constant specific
costs over time

- The calculation of the capital costs is based on a cryogenic air separation unit

- The operational costs are additional costs to the base case and include additional power
costs and fuel saving

- Increased kiln capacity or increased alternative fuel consumption have not been taken
into account as separate technology papers for these topics exist

- A commercial agreement between gas producers and the cement plant to supply oxygen
“over the fence” can also be negotiated. In these cases, the oxygen supplier erects,
owns and operates the oxygen plant against a monthly fee. The cement plant reduces
CAPEX but increases OPEX. This scenario was not included in the coast assessment
above

- All other technical and financial assumptions been made are given in Annex | of this
document.

Conditions, barriers, constraints, enabling framework

- Integration of energy flows between the additional air separation unit and the cement
plant

- Further development in oxygen supply technology influences process and financial
conditions

- Durability of refractory lining and wear elements

- Economics are ruled by power price and investment costs
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4.8 Technology Paper No. 8: Efficient clinker cooler technology

In cement production the energy of the hot clinker leaving the cement kiln is transferred in
the clinker cooler where the clinker enthalpy is used for heating up the combustion air. The
main clinker cooler technologies are the grate cooler, the planetary (or satellite) cooler and
the rotary cooler. Planetary and rotary coolers use exactly the amount of air for clinker cool-
ing which is needed for combustion. This leads to higher clinker end temperatures (between
120 to 200°C above ambient temperature) compared to grate coolers (down to 80°C above
ambient temperature). Grate coolers use more cooling air and therefore create a cooler ex-
haust air which is emitted and can be used for drying purposes, power generation or for heat
generation which can be used in heating nearby buildings.

Important advantages of grate coolers compared to planetary or rotary coolers are:

- The larger capacity (up to 15,000 tpd) compared to max. 4,000 tpd
- The more efficient heat recovery

Principally, planetary or rotary coolers can be replaced by grate coolers. Modern reciprocat-
ing or walking floor grate coolers can be operated with extended lifetime and less heat
losses. Grate coolers (and rotary coolers) can provide the precalciner with preheated tertiary
air. Existing grate coolers with a typical efficiency of 50 to 65% can be optimised by adding a
static first grate and — depending on the cooler type — a new grate with a modified aeration
system. Depending on the housing condition of the cooler it can make more sense to replace
the cooler completely. With increased thermal efficiency of the kiln system, clinker coolers
are required to operate with reduced volumes of secondary and tertiary air and with higher
recuperation efficiency.

Several improvements in clinker cooler technology were developed with regard to better air
distribution for reduced cooling air requirement, an effective conveying system for better
transport of clinker with reduced clinker fall-through and clinker riddling, better modularity,
mechanical stability of the cooler, optimum under-grate pressure. Compared to planetary or
rotary coolers, heat recovery with grate coolers requires additional electrical power of ap-
proximately 1 to 10 kWh/t cli. Modern reciprocating coolers can have a high degree of heat
recuperation efficiency up to 75 to 80%. The total heat loss of latest generation clinker cool-
ers is less than 0.42 MJ/kg cli. Thermal energy saving in the kiln with the modern grate cool-
ers is estimated to be up to 8%.

The cost for the conversion from a planetary cooler to an efficient reciprocating grate cooler
of the newest generation with a capacity of 6.000 tons per day is estimated at 15 to

20 Mio. €. These costs can vary widely due to the site-specific conditions (new exhaust air
fan and cooler filter, foundations and other construction costs, shortening of the kiln). The op-
timisation of clinker coolers (e.g. replacement of cooler plates, installation of a fixed grate
section at the cooler inlet) is also an opportunity for some existing kilns, but efficiency im-
provement potentials are smaller. The retrofit of an old grate cooler requires an investment of
1 to 3 Mio. €.
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Impact on energy consumption

thermal: decrease of MJ/t cli electric: increase of kWhtt cli
100 to 300 1to 10
CO, emission reduction
direct: decrease of kg CO./t cli | indirect: increase of kg CO./t cli
9to 27 1t06

Material input

not applicable

Technical Readiness

TRL 2022: 9

The main influencing parameters are

- Throughput of clinker

- Requirement of tertiary air for precalciner (e.g. combined with capacity increase)

- Degree of efficiency of existing cooler type

- Requirement of higher secondary air temperature, e.g. to improve secondary fuel
combustion

- Amount of false air

- Temperature at clinker discharge

- Fuel mix

Cost estimation

Cost estima- New installation Retrofit
tion Investment Operational Investment Operational
[Mio €] [€/t cem] [Mio €] [€/t cem]

2020 not applicable | not applicable 1to30r15t020 | 0to 0.5
(complete decrease
replacement)

2030 not applicable | not applicable 1to30r15t020 | 0t0 0.5
(complete decrease
replacement)

2050 not applicable | not applicable 1to30r15t020 | 0to 0.5
(complete decrease
replacement)

Remarks:

- Operational cost includes fuel cost saving and additional cost for electric power.
- All other technical and financial assumptions been made are given in Annex | of this

document.
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Conditions, barriers, constraints, enabling framework

- Economics may not be viable because the market situation does not allow capacity
increase

- Waste heat from cooler exhaust air can be used for drying, heat recovery or power
generation when necessary

- Economics are more viable at high clinker capacity of the kiln

- Economics are more viable if alternative fuel use can be increased in the kiln firing

- Investment costs are high for replacement of rotary or planetary cooler
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4.9 Technology Paper No. 9: Waste heat recovery: Steam

Waste heat from cement kilns is usually used for the drying of raw materials like limestone,
clay or marl. Depending on the humidity of the raw materials and the cooler technology, addi-
tional waste heat might be available from the kiln gases (preheater exit gas) and the cooler
exhaust air. Principally this heat can be used for the drying of other materials like slag or al-
ternative fuels or for steam, electric power production or heat recovery for other purposes
such as district heating. As raw material drying is a key requirement for a cement plant, heat
recovery has limited application for plants with higher raw material moisture content. Often,
the drying of other materials is recommendable and comparatively efficient as it is process
integrated.

Steam or hot water production only makes sense if industrial consumers or district heating
exist in the neighbourhood of the cement plant. Power production requires a heat recovery
boiler and a turbine system. Power generation can be based on a steam process and the
steam turbine is the technology best known from power plants. While in modern power plants
with a water steam cycle (“Steam Rankine Cycle”) the electric efficiency amounts up to 46%,
the relatively low temperature level of the waste heat in cement plants (200 to 400 °C) limits
the efficiency to a maximum of 20 to 25%.

The Steam Rankine Cycle describes the process by which steam-operated heat engines
generate power. Usually, water is used as the fluid of choice due to its good physical and
chemical properties, such as its unreactive chemistry, low cost, and its well-studied thermo-
dynamic properties. The steam cycle is well proven and heat exchangers can be placed di-
rectly in flue gas channels. The disadvantage of the steam cycle is that at decreasing tem-
perature levels of the heat source (low operating pressures) the dimension of the
evaporators rises with a respective increase in investment figures. The application of the
steam technology for use in cement plants was developed and first implemented in Japan
due to high energy costs and relatively low capital costs. The technology has spread from Ja-
pan to other continents. It is used predominantly in China where it has become a kind of
‘standard’, as a way to respond to issues related to the power supply to industry and as part
of a national strategy in India and in other Asian countries. However, in many other regions
with unstable power supplies conventional stand-alone power generation solutions are still
preferred to WHR. A few WHR boilers have been implemented in Europe, but high project
costs are still the main barrier.

Depending on the chosen process and kiln technology, 8 to 10 kWh/t clinker can be pro-
duced from cooler exhaust air and 9 to 12 kWh/t clinker from the kiln gases, if the moisture
content in the raw material is low. In total, between 8 and 22 kWh/t clinker or up to 16% of
the power consumption of a cement plant can be produced by using these technologies with-
out changes to the kiln operation. If higher power production is needed, WHR is in certain
competition with the energy efficiency of the clinker production, but in the end both tech-
nigues aim at the minimisation of unused waste heat.

If the kiln operation is modified in order to produce more electricity (higher preheater exit gas
and cooler exhaust air temperature), up to 30 kWh/t clinker are possible. Power generation
can be further increased by additional co-firing into the boiler or by a modification of the kiln
system (e.g. less cyclone stages or bypassing upper stage(s)). Figures of up to 45 kWh/t
clinker have been reported. Depending on local conditions this can be an attractive option.
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Impact on energy consumption

thermal: 0 MJ/t cli electric: decrease of 8 to 22 kWh/t cli

It is assumed that no additional fuel is used to produce more electricity than is possible from
waste heat and that the kiln operation has not been modified. The absolute power consump-
tion of the clinker production will slightly increase (demand of boiler and turbine), but the net
power consumption will decrease.

CO, emission reduction

direct: 0 kg COq/t cli indirect: decrease of 5 to 12 kg CO/t cli

Material input

not applicable

Technical Readiness

Technology Readiness Level (TRL): 9

The main influencing parameters are

- No direct CO2 emission reduction, indirect reduction depending on CO2 intensity of
external power production

- Installed power production

- Raw material humidity

- Cooler technology (no cooler exhaust air from satellite or rotary coolers)

- Heat already used for other purposes (e.g. drying of other materials)

- Power generation technology

- Waste heat available for heat recovery

- If additional fuels are used: CO- intensity of fuels

Cost estimation

Cost estima- New installation Retrofit
tion Investment Operational Investment Operational
[Mio €] [€/t cem] [Mio €] [€/t cli]

2020 20 to 30 0.5t01.5 20 to 30 0.5t01.5
decrease decrease

2030 20 to 30 0.6to 1.6 20 to 30 0.6to 1.6
decrease decrease

2050 20 to 30 0.5t01.3 20 to 30 0.5t01.3
decrease decrease

Remarks:

- The cost estimation is based on a clinker capacity of 2 Mio. t/a and a boiler/steam
turbine cycle including construction, with constant specific costs over time. Operating
costs primarily include power saving.
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- All other technical and financial assumptions been made are given in Annex | of this
document.

Conditions, barriers, constraints, enabling framework

- Availability of excess heat: raw material humidity is the key factor

- Investment costs are high for boiler, turbine and power generator

- Economics are ruled by power price/CO; price

- Clinker cooler technology: only grate coolers can provide waste air for heat recovery

- Efficiency is limited by a low waste heat temperature level

- Efficiency can be improved by using other media (organics, NH3)

- Efficiency can be improved by using a combined gas and steam turbine or by co-firing
additional fuels

- Economics can be improved by firing alternative fuels

- Minimum kiln capacity is needed

- Cost of additional man-power
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410 Technology Paper No. 10: Waste heat recovery: ORC

Waste heat from cement kilns is usually used for the drying of raw materials like limestone,
clay or marl. Depending on the moisture content of the raw materials and the cooler technol-
ogy, additional waste heat might be available from the kiln gases (preheater exit gas) and
cooler exhaust air. Principally, this heat can be used for the drying of other materials such as
slag or alternative fuels or for steam, electric power production or heat recovery for other pur-
poses such as district heating. As raw material drying is key for a cement plant, heat recov-
ery has a limited application for plants with higher raw material moisture content. Often, the
drying of other materials is recommendable and comparatively efficient as it is process inte-
grated. The Organic Rankine Cycle (ORC) process is also suitable for waste heat recovery
from small and medium sized cement plants (1,500 — 3,000 tpd) with higher raw material
moisture.

Power production from waste heat requires a heat recovery boiler and a turbine system.
Power generation can be based on the Organic Rankine Cycle process. While in modern
power plants with water steam cycles the electric efficiency amounts up to 46%, the relatively
low temperature level of the waste heat in cement plants (200 to 400 °C) limits the efficiency
to a maximum of 20 to 25%. The Organic Rankine Cycle technology is a modified version of
the steam cycle.

The Rankine Cycle does not restrict the working fluid in its definition. In the Organic Rankine
Cycle organic fluids such as n-pentane or toluene are used instead of water and steam. Due
to the lower boiling point of these substances, low-temperature heat sources, such as cooler
exit gas, which typically operates at around 150 to 350 °C, can be used. Therefore, electric
power can be produced at a temperature level at which (water) steam turbines cannot work
efficiently. As -compared to (water) steam cycles superheating of the gas does not bring an
increase in efficiency, ORC systems do not require super-heaters. Therefore, the equipment
is overall less expensive. For safety reasons it is required that a thermo-oil circuit between
the heat-source and the working fluid is used, making it a two-stage heat transfer process.
Depending on the temperature, the efficiency of the ORC system ranges between 10 and
22%. The first ORC installations were built in a German cement plant in 1999 using heat
from cooler waste air. Since then, several ORC boilers have been implemented in cement
plants on different continents.

In total between 8 and 15 kWh/t cli can usually be produced by using ORC technologies.

Impact on energy consumption

thermal: 0 MJ/t cli electric: decrease of 8 to 15 kWh/t cli

It is assumed that no additional fuel is used to produce more electricity than is possible from
waste heat and that the kiln operation has not been modified. The absolute power consump-
tion of the clinker production will slightly increase (demand of boiler and turbine), but the net
power consumption will decrease.

CO, emission reduction

direct: 0 kg COq/t cli indirect: decrease of 5 to 8 kg COx/t cli
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Material input

not applicable

Technical Readiness

Technology Readiness Level (TRL): 9

The main influencing parameters are

- No direct CO2 emission reduction, indirect reduction depending on CO: intensity of
external power production

- Installed power production

- Cooler technology (no cooler exhaust air from satellite or rotary coolers)

- Heat already used for other purposes (e.g. drying of other materials)

- Power generation technology

- Temperature level of waste heat available for heat recovery

- If additional fuels are used: CO: intensity of fuels

Cost estimation

Cost estima- New installation Retrofit
tion Investment Operational Investment Operational
[Mio €] [€/t cem] [Mio €] [€/t cem]

2020 15to 25 0.5to 1 15to 25 0.5to 1
decrease decrease

2030 15 to 25 0.6 to 1.1 15 to 25 0.6 to 1.1
decrease decrease

2050 15 to 25 0.5t0 0.9 15 to 25 0.5t0 0.9
decrease decrease

Remarks:

- The cost estimation is based on a clinker capacity of 2 Mio. t/a, and a boiler/steam
turbine cycle including construction, with constant specific costs over time. Operating
costs include primarily power saving.

- All other technical and financial assumptions been made are given in Annex | of this
document.

Conditions, barriers, constraints, enabling framework

- Availability of excess heat: raw material humidity is the key factor

- Investment costs are high for boiler, turbine and power generator

- Economics are ruled by power price/CO price

- Clinker cooler technology: only grate coolers can provide waste air for heat recovery
- Efficiency is limited by a low temperature level

- Minimum kiln capacity is needed
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411 Technology Paper No. 11: Waste heat recovery: Kalina Cycle

Waste heat from cement kilns is usually used for the drying of raw materials like limestone,
clay or marl. Depending on the moisture of the raw materials and the cooler technology, ad-
ditional waste heat might be available from the kiln gases (preheater exit gas) and cooler ex-
haust air. Principally, this heat can be used for the drying of other materials like slag or alter-
native fuels or for steam electric power production or heat recovery for district heating. As
raw material drying is key for a cement plant, heat recovery has limited application for plants
with higher raw material moisture content. Often, the drying of other materials is recommend-
able and comparatively efficient as it is process integrated. The Kalina process for waste
heat recovery is designed to achieve the highest efficiencies in the low-temperature range.

Power production requires a heat recovery boiler and a turbine system. Power generation
can be based on the Kalina process. While in modern power plants with a water steam cycle
the electric efficiency amounts up to 46%, the relatively low temperature level of the waste
heat in cement plants (200 to 400 °C) limits the efficiency to a maximum of 20 to 25%. The
installation cost is higher due to the corrosiveness of NHs. Kalina technology uses NHs as a
cycling media which evaporates at lower temperatures and can therefore produce electric
power at a temperature level at which steam turbines cannot work efficiently. The electrical
efficiency of these installations is usually between 20 and 25%.

The Kalina cycle is another variation of the Rankine cycle and has been developed for heat
recovery at low temperature sources. It uses a blended solution of two fluids with different
boiling points for its working fluid. Since the solution boils over a range of temperature as in
distillation, more of the heat can be extracted from the source than with (one) pure working
fluid. The same applies on the exhaust (condensing) side of the cycle. This provides a higher
efficiency at lower temperatures with less complexity. Water and ammonia are the most
widely used fluid combination. With a designed ratio between these two components of the
working fluid, its boiling point can be adjusted to the heat input temperature. The evaporation
at rising temperatures helps to reduce exergy loss. This is especially important for low tem-
perature/exergy systems.

The Kalina cycle is used in industrial waste heat processes, geo-thermal energy recovery,
and solar energy because of its adaptability to the temperature level of the particular heat
source. The Kalina process is promising, but currently worldwide only a few systems are in
operation. In the cement industry, the Kalina process is known to be already implemented in
Pakistan and the United Arab Emirates.

In total between 10 and 24 kWh/t cli can be produced by using this technology without
changes to the kiln operation. If higher power production is needed, WHR is in certain com-
petition with the energy efficiency of clinker production, but in the end both techniques are
aim at the minimisation of unused waste heat.

Impact on energy consumption

thermal: 0 MJ/t cli electric: decrease of 10 to 24 kWhtt cli

It is assumed that no additional fuel is used to produce more electricity than is possible from
waste heat and that the kiln operation has not been modified. The absolute power consump-
tion of clinker production will slightly increase (demand of boiler and turbine), but the net
power consumption will decrease.
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CO- emission reduction

direct: 0 kg CO2/t cli indirect: decrease of 6 to 14 kg CO2/t cli

Material input

not applicable

Technical Readiness

Technology Readiness Level (TRL): 9

The main influencing parameters are

- No direct CO; emission reduction, indirect reduction depending on CO intensity of
external power production

- Installed power production

- Raw material humidity

- Cooler technology (no cooler exhaust air from satellite or rotary coolers)

- Heat already used for other purposes (e.g. drying of other materials)

- Power generation technology

- Temperature level of waste heat available for heat recovery

Cost estimation

Cost estima- New installation Retrofit
tion Investment Operational Investment Operational
[Mio €] [€/t cem] [Mio €] [€/t cli]

2020 20 to 30 0.7t0 1.6 20 to 30 0.7t01.6
decrease decrease

2030 20 to 30 0.7t0 1.7 20 to 30 0.7t0 1.7
decrease decrease

2050 20 to 30 0.6to1.4 20 to 30 0.6to1.4
decrease decrease

Remarks:

The cost estimation is based on a clinker capacity of 2 Mio. t/a and a boiler/steam

turbine cycle including construction, with constant specific costs over time. Operating
costs include primarily power saving.
All other technical and financial assumptions been made are given in Annex | of this

document.
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Conditions, barriers, constraints, enabling framework

- Availability of excess heat: raw material humidity is the key factor

- Investment costs are high for boiler, turbine and power generator

- Economics are ruled by power price/CO, price

- Clinker cooler technology: only grate coolers can provide waste air for heat recovery

- Efficiency is limited by a low temperature level

- Efficiency can be improved by using a combined gas and steam turbine or by co-firing
additional fuels

- Minimum kiln capacity is needed

- Cost of additional man-power
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412 Technology Paper No. 12: Alternative decarbonated raw materials for
clinker production

The utilisation of alternative calcium-containing raw materials which are already de-car-
bonated offers a chance to reduce CO- emissions. This is a two-fold chance since process-
related CO; emissions from the de-carbonation of the raw materials as well as CO, emis-
sions from the related fuel consumption can be reduced.

Blast furnace slag, lignite ash, concrete crusher sand, carbide sludge, aerated concrete meal
or lime residues from the sugar industry are examples of such de-carbonated alternative raw
materials. The utilisation of alternative materials is in general limited by their overall composi-
tion since they need to be combined with the locally available raw materials to match the
composition required for the clinker to be produced. In many cases, an excess amount of sil-
ica, alumina, magnesia or sulphur in alternative de-carbonated raw materials limits its large-
scale utilisation. Also, the content of VOC or trace elements and a variable composition
cause further restrictions in some cases. Furthermore, the availability of such de-carbonated
raw materials is often limited. Further preparation steps such as in the case of concrete
crusher sand, may improve the quality of the material but also increase the costs and the en-
vironmental impacts of the material supply. The following ranges are determined on one
hand by the fact that the local situation may allow not or only a very limited use of alternative
de-carbonated raw materials. On the other hand, the use of blast furnace slag may be realis-
tic up to the amount of 15% of the raw meal in rare cases. The utilisation of an even higher
amount is in principle possible but seems to be unrealistic due to the decreasing availability
of blast furnace slag and its rising costs. Moreover, additional effort for the grinding of these
materials is needed because of their structure, requiring a higher electrical energy demand.

Impact on energy consumption

thermal: decrease of 100 to 400 MJ/t cli electric: increase of 0 to 3 kWh/t cli

CO-, emission reduction

direct: decrease of up to 100 kg CO./t cli indirect: increase of 0 to 2 kgCO2/t cli

Material input

blast furnace slag 0.15t0 0.2 t/t cli

Remarks:

The calculations were made for a raw material replacement of 10 to 15% by blast furnace slag,
which must not necessarily be granulated, such as for its use as cement constituent. Similar con-
sideration can be made for other alternative de-carbonated materials.
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Technical Readiness

Technology Readiness Level TRL 2022: 9

The main influencing parameters are

These figures have to be regarded as possible site-specific reduction potentials, but not as a
range for an overall reduction potential for the cement industry. High reduction potentials can
probably only be achieved at very few sites with specific alternative raw materials. The main

influencing parameters are:

- Composition of available raw materials at the considered plants

- Calcium content and content of other main elements of the alternative decarbonated
materials which may limit their utilisation

- Decarbonated portion of calcium content

- Possibilities to improve the material by further treatment

- Local availability and cost of decarbonated raw materials

Cost estimation

Cost estima- New installation Retrofit
tion Investment Operational Investment Operational
[Mio €] [€/t cem] [Mio €] [€/t cem]

2020 Oto6 Oto1 Oto6 Oto1
decrease decrease

2030 Oto6 Oto1 Oto6 Oto1
decrease decrease

2050 Oto6 Oto1 Oto6 Oto1
decrease decrease

Remarks:

Investment costs include the costs for storage and handling of the additional raw

material.

Operational costs include the costs for the alternative raw material, fuel saving, saving of
replaced raw materials and additional power. In certain cases, operational costs can
even be negative, especially if waste materials are used and the cement company is
paid for using them.
Additional costs, which have not been taken into account in the cost estimation, may be
incurred by the impact of wear and tear on the system caused by raw meal.

All other technical and financial assumptions been made are given in Annex | of this

document.
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Conditions, barriers, constraints, enabling framework

- The potential of utilisation is generally determined by the raw materials on site and will
therefore vary significantly at different sites.

- Local availability of alternative raw materials may be quite different from site to site;
Some of these materials are generated only at very few sites, and additionally the use of
such materials is in general limited to close to their source.

- Availability may change due to changes in the supplying industry.

- Efficiency is determined by the decarbonated fraction, which may vary significantly such
as for recyled concrete fines.

- Further treatment steps may improve the utilisation, but need to be checked in terms of
costs and environmental impacts.
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413 Technology Paper No. 13: Fuel switch (coal/petcoke to oil/gas)

Fuel switching is one of the most discussed CO- reduction measures in the cement industry.
It usually refers to the switch from coal to oil or gas. Due to its lower calorific value, the use of
lignite leads to even higher relative CO; emissions than hard coal, but biomass is increas-
ingly also coming into focus.

The fuels’ variations on a global level in the different regions are significant. Gas and oil play
a role in countries where these fuels are produced and local prices are comparatively low.

As the fuel-related CO; emissions are about one third of the total emissions (302 of 838 kg
CO- per tonne of clinker), the CO; reduction potential is in principle significant if pure bio-
mass use is assumed.

Pure biomass fuels used in the cement industry today are biomass wastes - mainly waste
wood, rice husk, sawdust, sewage sludge and animal meal. In principle it is also possible to
use any type of organic material as a biomass fuel, allowing the use of liquid biomass and
biomass products such as palm oil, corn, wood products or certain grass types (e.g. miscan-
thus or other fast-growing species). The use of biomass products as feedstock is related to
questions on sustainability and greenhouse gas emissions from agriculture, forestry and land
use. These materials have to be cropped, especially for later use as fuels. Today this is not
relevant for the cement industry globally for economic reasons.

CO: legislation will have a significant impact on the quantities of biomass fuels which are
available for the cement industry. Biomass costs are expected to increase and this will prob-
ably enable the separate planting of so-called cash crops to be used in different industry sec-
tors. If, as in Europe, power production from biogenic materials is subsidised by legislation, it
will be even more difficult for the cement industry to receive significant quantities of these
materials at acceptable costs. The biomass share of fuels is expected not to exceed 30% or
40% (corresponding to a maximum of 90 or 120 kg CO- from biomass). In practice, the im-
pacts on thermal and electric energy demands are similar to those of alternative fuels (see
Technology Paper No. 14).

The following figures refer to the substitution of hard coal with oil or gas.

Impact on energy consumption

thermal: | decrease of 200 MJ/t cli electric: no kWht cli
increase of 100 MJ/t cli significant
change

CO, emission reduction

direct: | decrease/increase | kg COq/t cli indirect: no kg CO2/t cli
of 60 to 120 significant
change

Material input

Hard coal decrease of 121 kg/t cli
Fuel oil or increase of 75 kg/t cli
Natural gas increase of 90 Nm?/t cli
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Technical Readiness

TRL 2022: 9

The main influencing parameters are

- Technical equipment of the plant

- Fuel costs

- Fuel type (C/H ratio, calorific value)

- COg; intensity of fuel mix

- Maximum possible substitution rate and sustainability in case of biomass fuel use

Cost estimation

Cost estima- New installation Retrofit
tion Investment Operational Investment Operational
[Mio €] [€E/t cem] [Mio €] [€/t cem]

2020 not applicable | not applicable | 5to 15 8to 11
increase

2030 not applicable | not applicable | 5to 15 5to7
increase

2050 not applicable | not applicable 5to0 15 3to5
increase

Remarks:

- The cost estimation is based on a clinker capacity of 2 Mio. t/a

- Investment costs cover handling, storing, feeding and dosing facilities

- The operational cost is expressed as additional costs and includes only fuel costs as
these are the main economic driver besides investment costs

- The use of oil and gas is related to very high prices with significant regional differences.

- The development of biomass prices over time has not been predicted because it
depends on many factors such as energy and CO- policies, availability on a regional
level, etc.

- All other technical and financial assumptions been made are given in Annex | of this
document.

Conditions, barriers, constraints, enabling framework

- Availability and price of biomass fuels will be the key factors

- Biomass fuels limit or reduce clinker capacity

- Many regions have a lack of experience with the use of biomass fuels in the clinker
burning process
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414 Technology Paper No. 14: Alternative fuels replacing conventional fossil
fuels

The CO2 emission reduction potential of alternative fuels is based on two effects: Firstly,
many waste fuels contain certain biomass content. This content is calculated as CO; neutral.
Secondly, most fossil waste fuels have lower CO; emission factors related to the calorific
value than coal or petcoke. Pure biomass fuels used in the cement industry today are mainly
wood waste, rice husks, saw dust, sewage sludge, and animal meal. Besides these fuels,
many other organic waste materials are used as fuels in the cement industry globally at a
lower level. Wastes containing biomass are mainly pre-treated industrial and domestic
wastes (containing certain parts of organic fibres and textiles, paper, etc.) as well as waste
tyres, which contain between 20 and 35% of natural rubber.

In principle, cement kilns can utilise up to 100% of waste or biomass fuels. Nevertheless,
there are certain technical limitations, like the calorific value and the content of certain trace
elements or chlorine. The calorific value of most organic material is comparatively low (10 to
18 GJ/t). For the kiln firing of the cement kiln typically an average calorific value of at least 20
to 22 GJ/t for the fuel mix is required. The firing of precalciners of modern cement kilns, in
which up to 70% of the fuel input is realised, allows the use of low calorific fuels. Therefore,
precalciner kilns are able to utilise at least 100% of low calorific (alternative and/or biomass)
fuels in the calciner. A lower calorific value as well as high-chlorine content (requiring a chlo-
rine bypass system) will increase the specific fuel energy demand per tonne of clinker. Alt-
hough the use of these fuels lead to a higher energy demand it is possible that CO, emis-
sions can be reduced.

The operation of cement kilns at very high substitution rates differs significantly from the op-
eration with pure fossil fuels. The use of fuels with high concentrations of chlorine and sul-
phur in addition to the contribution of the raw materials may cause operational problems in
the kiln system at very high substitution rates. This is attributed to the fact that circulating sul-
phur systems, together with chlorine and alkali circulating systems, may lead to increased
coating formation in the kiln inlet, gas riser duct, the lower cyclone stages, and also formation
of rings in the rotary kiln, subsequently leading to kiln stops. The additional number of kiln
stops increases the specific energy demand. To improve the process procedure, build-ups
must be cleaned off manually or automatically. Another measure is the installation of a by-
pass in the kiln inlet in order to reduce the chlorine and sulphur content in the kiln atmos-
phere. In conclusion, experience and tradition has shown, that alternative fuels can be used
in the cement efficiently and that the technical operational experience as a major criterion
has been developed across the sector.

The following figures refer to an increase in the substitution rate of alternative fuels of up to
65%. This could be related to an increase of the specific energy demand up to 8.5%.

Impact on energy consumption

thermal: increase of 200 to 300 MJ/t cli electric: increase of
2 to 4 kWh/t cli

CO, emission reduction

direct: decrease of 30 to 40 kg CO2/t cli indirect: increase of
1 to 2 kg CO/t cli
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Material input

Alternative fuel mix (RDF, plastics, waste tyres, sew- increase of 0.1 t/t cli
age sludge, etc.)

Fossil fuel (coal) decrease of 0.07 t/t cli

Technical Readiness

TRL 2022: 9

The main influencing parameters are

- Kiln type, technical equipment of the plant (silos, dosing station)

- Fuel properties of alternative fuels (including biomass)

- Biomass content of wastes

- Availability of biomass-containing wastes and/or biogenic material (competition with
other industry sectors such as power plants, steel industry)

- COg; intensity of fuel mix

- Limitation on substitution rate by employing various types of alternative fuels, for
example, used tyres up to 25%

- Thermal energy required for the drying of alternative fuels in the process

Cost estimation

Cost estima- New installation Retrofit
tion Investment Operational Investment Operational
[Mio €] [€/t cem] [Mio €] [€/t cem]

2020 not applicable not applicable 5t0 15 3to4
decrease

2030 not applicable not applicable 5t0 15 3to4
decrease

2050 not applicable not applicable 5to0 15 4t05
decrease

Remarks:

The cost estimation is based on a clinker capacity of 2 Mio. t/a

Investment costs cover handling, storing, feeding and dosing facilities

Operational costs are expressed as savings and include only fuel cost savings as these
are the main economic driver besides investment costs
All other technical and financial assumptions been made are given in Annex | of this

document.
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Conditions, barriers, constraints, enabling framework

- Availability, quality and price of waste fuels will be the key factors

- Permitting conditions

- Social acceptance of waste co-processing

- Investment and operating costs of waste pre-processing facility
Potentially negative impact on kiln operation to be controlled (lifetime of refractory
materials, cyclone blockages, etc.)
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415 Technology Paper No. 15: Pre-treatment of alternative fuel

(grinding, drying)
For the use of alternative fuels, the fuel properties such as the ignition behaviour, the particle
size, the calorific value or the moisture content must stay within a certain range. For exam-
ple, for the main burner, the net calorific value of the fuel mix should be above approximately
20 to 22 GJ/t, and for use in the calciner the net calorific value should exceed approximately
13 GJ/t. For the main firing the fuel has to be fine enough (usually smaller than 20 mm) so
that it burns completely in the gas phase, especially when feeding to the main burner. Alter-
natively, fuels can also be fed to the calciner or the kiln inlet.

Some alternative materials have high moisture content and their net calorific value is there-
fore generally low (e.g. mechanically dried sewage sludge: < 2 GJ/t, pulp waste: 6 to 12 GJA,
municipal solid wastes: 8 to 10 GJ/t, Refuse Derived Fuels (RDF): 16 - 23 GJ/t). These
wastes can be dried thermally in the cement plant by using dryers and waste heat from the
kiln system. If fractions of the fuel are too coarse, mills can be operated to increase the fine-
ness. Some mills are designed for the combined comminution and thermal drying of fuels. By
raising the net calorific value and/or the fineness, alternative fuels can be made suitable for
the main firing system, or the substitution rate can be increased.

For the drying of RDF several applications have been installed in the cement industry in re-
cent years (in most cases belt driers or flash dryers). For the drying of sewage sludge, drum
dryers, screw dryers and belt dryers are used, although only a few applications are in opera-
tion so far. Hot waste air from the clinker cooler or raw gas from the preheater tower is used
to deliver the required thermal energy. Cutting mills and chain mills are used for the commi-
nution of RDF, but the technology is still emerging, particularly with regard to reducing exces-
sive wear. The installation and operation of dryers and mills can increase the substitution
rate of conventional fuels to alternative fuels. It requires CAPEX and OPEX that are amor-
tised by fuel cost reduction compared to conventional fuels and the reduction of disturbances
of the kiln operation.

A positive effect of the drying technology is that the moisture content of the fuels is reduced,
so the kiln exhaust gas volume is reduced, resulting in a lower energy demand for the main
ventilation fan and a lower thermal energy demand for the kiln system. In cases where the
kiln fan operates at its full capacity, the installing of a fuel dryer can allow the kiln to operate
at slightly higher capacity. This positive effect only counts when the moist waste gas from the
drying process is not fed back into the kiln system for post-combustion purposes. In other
cases, additional investments in additional filters, odour reduction systems or combustion de-
vices have to be installed to clean the dryer waste gas. Additional power consumption for the
operation of mills and the dryer has to be taken into account.

Impact on energy consumption

thermal: increase of MJ/t cli electric: decrease of 1 to kWhtt cli
0to 50 increase of 3

CO, emission reduction

direct: decrease of kg CO./tcli | indirect: | decrease of 0.6 to | kg CO/t cli
13 to 23 increase of 1.7
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Material input

or

or

tent

Alternative fuel: Coarse RDF

Alternative fuel: Wet RDF

Alternative fuel: Sewage sludge, 80% water con-

grinding of 0.02
pre-drying of 0.04

pre-drying of 0.16

t/t cli

t/t cli

t/t cli

Technical Readiness

TRL 2022: grinding: 8

pre-drying: 9

The main influencing parameters are

- Availability of alternative fuels (sewage sludge, refuse-derived fuel, industrial sludges)

Cost estimation

Fuel properties (water content, fineness, homogeneity)
Availability of thermal energy for biomass or alternative fuels drying process
Kiln type (with/without precalciner, long/short kiln)

Cost estima- New installation Retrofit
tion Investment Operational Investment Operational
[Mio €] [€/t cem] [Mio €] [€/t cem]

2020 2to 20 decrease of 2to0 20 decrease of
up to 2.2 up to 2.2

2030 2to 20 decrease of 2to 20 decrease of
up to 2.1 up to 2.1

2050 2to 20 decrease of 2to 20 decrease of
upto 2.1 up to 2.1

Remarks:

- CAPEX includes dryer or mill, exhaust fan and exhaust pipes. Depending on the fuel
type and the alternative fuel increase rate, additional equipment can be necessary (i.e.
exhaust gas filters and odour reduction system, circulation thermal oil system, increased
storage and dosing capacity for the fuels)

- Operational costs depend on the fuel feedstock and related cost structures . Due to the
use of wet materials it is assumed that those materials can be purchased at zero costs.

- Fuel properties and unwanted components in waste fuels may cause wear of material

and can increase operational costs significantly

- The scenario for alternative fuel grinding refers to higher rates of subsitution by
alterntative fuels and reflects the increased electrical power use. The CO; reduction
potential is related to an increased fuel substitution by 10 to 20 %

- All other technical and financial assumptions been made are given in Annex | of this

document.
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Conditions, barriers, constraints, enabling framework

Availability of waste heat
- Environmental regulations
- Disruptive materials in the fuel, i.e. pieces of metal
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4.16 Technology Paper No. 16: Pre-combustion chambers and gasification

In some locations the availability of adequate waste materials or biomass, or other plant spe-
cific boundary conditions (e.g. composition of the raw material in terms of sulphur) limits the
feasible alternative fuel substitution rate because of causing instability of the process. Pre-
combustion or gasification processes allow for more flexibility on fuel quality with regard to
homogeneity, calorific value, moisture content, hazardous contents or sizes. Whereas pre-
combustion chambers are operated at excess oxygen, in gasification/pyrolysis processes the
fuel is burned in an oxygen-poor atmosphere to generate a lean gas which contains CO, H;
and CH4 and therefore offers a certain heating value.

Standard pre-combustion chambers equipped with a burner to support the calciner firing are
widely-used. Ignition is enhanced as fuel is combusted in high oxygen atmospheres

(21 vol.%) and at higher temperatures (~1200°C). Additional retention time (up to 10 sec-
onds) allows an enhanced burn-out of alternative fuels. Advanced systems even increase the
retention time (up to 45 min) and stabilise the kiln operation when using e.g. coarse or inho-
mogeneous materials. Stepped combustion on grates is also used to properly combust even
different coarse waste materials. The mineral fraction and ashes of the waste fuels become
part of the product. These advanced solutions are commercially available, but rarely applied.
Even though the maintenance effort is higher, these systems can be more cost-efficient com-
pared to the pre-treatment of waste materials.

Using gasification processes, a lean gas could be provided to the calciner or kiln inlet area,
where it is completely oxidised. In this way the energy input could be homogenised which
leads to stabilisation of the clinker burning process. Due to the more efficient pyrolysis with
regard to the process-integrated drying of the alternative fuels, the gasification technology
could counteract the negative impact of alternative fuel use on the specific energy demand.
The gasification can facilitate the use of fuels with calorific values of e.g. 4.5 to 6.0 MJ/kg
without pre-treatment, as long as the fuels are appropriate for handling (low fine fraction) and
dosing (not sticky), and metallic particles/fractions are removed. Residues from the pyrolysis
can be either disposed of to disburden certain element cycles or transferred to the raw mate-
rial preparation/kiln inlet. Recent applications have shown problems with the discharge of hot
ashes or unburned particles (e.g. metal wires), or the clogging of lean gas tubes to the cal-
ciner, which again places requirements on the fuel quality. In certain applications the intro-
duction of lean gas could generate locally reducing atmospheres leading to additional NOy
reduction. For smaller applications, the fuel can be gasified in a fixed bed reactor and above
10 MW in a fluidised bed reactor. Such systems are commercially available but still not wide-
spread.

Research projects are also focussing on new gasification routes like plasma gasification. In
this approach, an electric arc is generated which ignites the alternative fuels. In this way the
fuel use could be optimised, but high power demand is related to the generation of the
plasma. In any case the resulting lean gas at temperature levels of 800 to 1000°C offers a
LHV level of 4 to 6 MJ/m? using air as media, and up to 14 MJ/m? using steam. The applica-
tion of plasma gasification in the cement industry has been investigated but has not been fur-
ther developed for larger scale use due to the low economic viability.
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Impact on energy consumption

0.5 mm<size<50 mm (100 mm), metals >6 mm,
LCV <10 MJ/kg

thermal: | increase of up to MJ/t cli electric: | increase of 0to 5 kWhtt cli
150
CO; emission reduction
direct: | decrease of up to kg COy/tcli | indirect: | increase ofupto | kg COy/t cli
25 3
Material input
alternative fuels, 50% biomass 0.05to0 0.08 t/t cli

Technical Readiness

TRL 2022: 9

The main influencing parameters are

- Type of available materials and substitution rate
- COz2 reduction potential mainly depends on the substitution rate of alternative fuels and
their biogenic fraction
Used technology: In the case of plasma gasification higher thermal reduction is expected

at higher electrical demand, and the CO- footprint of the power mix

Cost estimation

Cost estima- New installation Retrofit
tion Investment Operational Investment Operational
[Mio €] [€E/t cem] [Mio €] [€/t cem]

2020 8to12 decrease of 8to12 decrease of
up to 1.9 up to 1.9

2030 8to 12 decrease of 8to 12 decrease of
up to 1.9 up to 1.9

2050 8to 12 decrease of 8to 12 decrease of
upto 1.9 upto 1.9

Remarks:

- The cost estimation is based on a designed clinker capacity of 2 Mio. t/a. Additional
costs for fuel storage and transport as well as demolishing old equipment are excluded.
Pre-combustion chambers are estimated on a lower investment level than gasifiers.
Calculations of operational costs include the increase of alternative fuel use by 10 to
20% through the use of a typical pre-combustion chamber. Due to the use of coarse and
wet material it is assumed that those materials can be purchased at zero costs. The
costs estimation does not include losses of revenue during kiln stops caused by the
direct use of alternative fuels.
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- All other technical and financial assumptions been made are given in Annex | of this
document.

Conditions, barriers, constraints, enabling framework

- Gasification and pre-combustion chambers are an option for the combustion of difficult
combustible and coarse fuels and aim at the stabilisation of the clinker burning process.
The costs for pre-treatment of these types of fuels are avoided, which can in certain
cases be higher

- Prices for alternative fuels are expected to rise at steeper rates than fossil fuels, which
strongly influences the forcast of operational costs in 2030 and 2050

- Suitable for locations where the availability of appropriate fuels is limited
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4.17 Technology Paper No. 17: Hydrothermal Carbonisation (HTC) and
Torrefaction

Hydrothermal Carbonisation (HTC) is a process of carbonisation in aqueous solution, un-
der pressure and increased temperature at about 1.8 to 2.8 MPa and 180 to 210°C. It was
described in 1913 by Friedrich Bergius and has similarity to the process of geological lignite
formation. Nearly any type of biomass can be used as a feedstock, which allows for the use
of wet and waste biomass materials, e.g. sewage sludge and wet fractions of municipal solid
waste. After a few hours the HTC Hydrochar product contains 70% to 90% of the carbon, has
similarity to lignite, and net calorific values often between 12 and 24 MJ/kg depending on the
feedstock. About 24 kWh electrical energy and 180 kWh of thermal energy (650 MJ) per ton
of input sewage sludge is required to maintain the HTC process incl. the final drying step.

1 ton of sewage sludge with a dry matter content of 25% results in 210 kg of Hydrochar with
10% moisture. Thus, the specific energy demand for the production of 1 ton of Hydrochar is
115 kWh electricity and 3,100 MJ process heat. The produced char is hydrophobic. Mechani-
cal dewatering down to 35% residual moisture is therefore very efficient. Thus, the process
can offer substantial energy savings compared to traditional thermal drying of biomass fuels.

The increased energy density of the HTC product allows for further substitution of fossil fuels
in a cement plant by waste-derived biomass fuel. Its inorganic content contributes to the
composition of clinker. As of 2022, first industrial projects have been started or are already in
continuous operation in China, Finland, Sweden, Spain, the UK, Mexico, France, Belgium,
Japan and the USA. Specific total costs (CAPEX+OPEX) range between 200 € and 300 €
per ton of Hydrochar, depending on the energy cost and the project size. The potential use of
HTC char from sewage sludge as an alternative fuel in the cement industry at a relevant
scale will likely require the extraction of phosphorus through a separate acid leaching pro-
cess and/or the reduction of metal concentrations in the feedstock. Phosphorus recovery is
available in pilot scale from different technology providers in 2022, reporting recovery rates
between 60 and 90%. A potential increase of the sulphate content during Phosphorus recov-
ery might limit the share of Hydrochar in the fuel mix for the clinker production process.

Torrefaction is a process of dry pyrolysis which can change the fuel properties of solid bio-
mass. It is mainly applied to relatively dry solid biomass such as wood products for better
grindability, the decrease of the transport weight on long distances and the production of du-
rable pellets. About 10% of the energy contained in the biomass is used for its torrefaction
and drying to about 5% to 10% residual moisture. Correspondingly, the net calorific value of
the product is increased to about 20 MJ/kg. The standardisation of torrefied fuel products is
ongoing. They may allow the increase of biomass use in industrial plants at the expense of
about 14 kg indirect CO./GJ in their production and supply chain. To a large extent the price
depends on the cost of the biomass feedstock and is therefore estimated at about 10 €/GJ,
similar to unprocessed wood pellets. Questions on sustainability of the biomass feedstock,
land use and indirect CO; release are being discussed for large-scale use and production of
primary biomass for torrefaction.

Impact on energy consumption

thermal: increase of 168 MJ/t cli electric: increase of
7 kWhtt cli
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CO- emission reduction

direct: decrease of 60 kg CO./t cli

indirect: increase of
3.9t0 9.4 kg CO/t cli

Material input

biomass wastes, e.g. sewage sludge

fossil fuel demand, e.g. lignite

increase of 0.17 to 0.27 t/t cli
decrease of 0.03 t/t cli

Technical Readiness

TRL 2022: TRL 7 to 9, applicability for industry at TRL >8 expected around: now and 2025

The main influencing parameters are

Cost estimation:

Availability of sustainable biomass feedstock
Increase of the biomass content of fuel mix in the cement plant, here assumed 20%

increase and substitution rate

Residual moisture of Hydrochar and resulting lower heating value
Energy demand of additional HTC or torrefaction process
Clinker and cement production with unchanged energy efficiency

Cost estima- New installation Retrofit
tion Investment Operational Investment Operational
[Mio €] [€/t cem] [Mio €] [€/t cem]

2020 not available not available included in increase of
operational cost 45t07.8

2030 not available not available included in increase of
operational cost 3.0to54

2050 not available not available included in increase of
operational cost 1.9t03.7

Remarks:

CAPEX: investment is transformed to a gate fee (OPEX)
OPEX: The cost estimation is performed for the inclusion of the HTC process at an
existing cement plant (retrofit) by transforming indicated gate fees for an untreated
biomass feedstock and for complete cost coverage to operational costs per ton of
cement. The total additional costs indicated in the table would apply in case of no gate

fee

Extraction and recovery of phosphorus is estimated to add 50% to indicated total
additional costs. The increased costs could be covered or even exceeded by signifcantly
higher expected gate fees in the case of phosphorus recovery
The cost per CO, avoidance highly depends on the gate fee. In a case with no gate fee
the total additional cost of a HTC plant yields an estimated very high specific CO-
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abatement cost of more than 100 €/t CO- avoided (4.5 to 7.8 €/t cem for a net decrease
of 44 kg CO2/t cem)

- Fuel products from the torrefaction of solid biomass show a very similar estimated
impact on operational costs

- All other technical and financial assumptions been made are given in Annex | of this
document.

Conditions, barriers, constraints, enabling factors

- Sewage sludge as a biogenic waste feedstock results in HTC char with low net calorific
values of about 12 to 16 MJ/kg creating limited potential for fossil fuel substitution at the
kiln main burner and high energy-specific costs

- The use of solid biomass products like wood as feedstock for HTC or torrefaction should
relate to questions on sustainability and greenhouse gas emissions from forestry and
land use (LULUCF)

- A global market for sewage sludge up to 170 Mt/a amounts to around 40 Mt/a HTC char
as a theoretic maximum

- Further restrictions on the agricultural usage of sewage sludge in many countries lead to
an increased demand for its treatment and use

- A decentralized installation of HTC plants at the waste water treatment plants allows for
considerably less effort for transportation due to the reduction of volume by factor of 4
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418 Technology Paper No. 18: Use of hydrogen as fuel

The use of hydrogen gas in addition to alternative fuels (AF) has a vast potential for reducing
fuel-related CO,-emissions in the cement industry. When combusted, pure hydrogen emits
only water (H20). thus no CO,. Another benefit of using hydrogen in the cement industry is
the high efficiency compared to other industries, since no process-related compression of the
gas is needed. The biggest challenge is the availability of sufficient carbo neutral power,
which is needed to produce H.. At present, the use of hydrogen is negligible in the cement
industry. In 2022 the largest known kiln test was performed within the Fuel Switch project
(BEIS, Mineral Products Association) in the UK, where a kiln was operated with a net-car-
bon-zero fuel mix at the primary burner. The observations and results from this project are
the most important basis for this technology paper. The fuel mix used included a hydrogen
share of ca. 40% of the thermal energy used in the kiln primary burner. The result of this
short-term test of a few hours was that the technical implementation of H, use in the kiln fir-
ing is possible.

Even taking the short test period into account, the effects of hydrogen on the burning process
have been smaller than expected. According to pre-studies, it had been expected that hydro-
gen would draw the flame closer to the burner tip and increase the temperature of the core
flame due to its better ignition properties and its higher calorific value. Furthermore, a H>
flame has significantly less radiation compared to a solid fuel flame, which should decrease
the heat transfer to the clinker bed. Both the shift of the flame position and its temperature
increase were successfully avoided by increasing the H; injection velocity. The total thermal
energy consumption seems to be unaffected, whilst the oxygen demand decreases with in-
creasing the hydrogen substitution rate. Compared to coal, hydrogen needs less air to com-
bust, which leads to a higher oxygen level at the kiln inlet. If combusted with air, the tempera-
ture must be controlled, just as in any natural gas- or coal-fired kiln, in order to prohibit
thermal formation of nitrous oxides. Impacts on clinker quality were not visible under these
conditions, but this statement also has to be seen against the background of the short test
period. The missing ash from replaced fuels has to be compensated in the kiln feed mix.

In the future scenario of 2050, where an average share of 10% H: of the total thermal energy
demand has been assumed, the fuel-based CO, emissions decrease by ca. 10% respec-
tively. Long-term tests need to be carried out in order to study the influence of hydrogen on
the clinker burning process, and long-term equipment corrosion over a longer period of time.

H. can be supplied externally in small quantities to a cement plant by truck or train, if larger
volumes are needed a pipeline or electrolysis on site is required. In this assessment, hydrogen
is produced by water electrolysis. The electrolysis consumes 44 MWh electric energy to pro-
duce 1 ton of Ho with an electrolyser efficiency of 75%. Its production and use are assessed as
carbon neutral i.e. the used power originates completely from carbon neutral sources. The
mass-based calorific value of hydrogen is higher than that of oil or coke (120 MJ/kg) but, on
the other hand, the volume-based calorific value is very low (10.8 MJ/m3). As H; is transported
in gaseous or liquid form, very high pressure (500 — 1000 bar) has to be applied in order to
allow the transport Hz in trucks or railway wagons. The injection of H; into the cement kiln
burner is done close to atmospheric pressure level, meaning that the cement plant needs to
install pressure reducing valves. If H, is produced on-site by water electrolysis, depressuriza-
tion is needed only to a small extend, this reduces the power consumption overall.
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Currently, the usage of hydrogen is not considered in most cement plants as a viable option
due to lack of access and/or affordability, but prices for hydrogen are expected to settle at
1.5 €/kg (12.5 €/GJ) in 2050. If green hydrogen is produced locally at the plant via an electro-
lyser, it would contribute to the indirect electrification of the clinker production process by
providing thermal energy through electricity. The performance of electrolysers is expected to
increase in the future. With new capillary electrolysis technologies being developed, efficien-
cies of 95% are possible. Implementing a local hydrogen electrolyser also has other benefits
for the plant: The produced O; can be used to enrich the flame for an increased clinker pro-
duction or improve the combustion of alternative fuels in the main burner.

Impact on energy consumption

thermal:

not affected MJ/t cli electric: not affected kWhtt cli

CO, emission reduction

direct: decrease of 30 kg COy/tcli | indirect: not affected kg CO./t cli

Material input

Hydrogen

0.0028 t/t cli

Technical Readiness

TRL 2022: 6

applicability for industry at TRL >8 expected around: 2040

The main influencing parameters are

- Cost of hydrogen

- Hydrogen injection velocity, rate and location
- Availability of hydrogen (substitution rate, size of buffer tank, piping)
- Flame shape and heat radiation
- Iflocally produced via electrolyser: co-benefiit in using the O2 which is additinally

produced

Cost estimation

New installation Retrofit

Cost estima-
tion Investment Operational Investment Operational

[Mio €] [€/t cem] [Mio €] [€E/t cem]
2020 not applicable not applicable | 2.3t04.5 5.4 increase
2030 not applicable not applicable | 2.3104.5 3.4 increase
2050 not applicable not applicable | 2.3104.5 1.9 increase

Remarks:

- Cost estimation is based on a substitution rate of 10% hydrogen in a 6000 t.i/d plant
- H2 supply and consumption are considered in OPEX; No CAPEX for electrolysers is

included

- Assumed hydrogen prices: 3.2 €/kg (2020), 2.2 €/kg (2030), 1.5 €/kg (2050)
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- Prices for an injection lance, pressure reducing skids and piping are accumulated with a
scale-up

- Size for buffer tanks is designed to store 1 h worth of hydrogen supply at a feed rate of
0.7 t H2 / h with a storage pressure of 40 bar (usable until 5 bar)

- Hydrogen-related electricity consumption is compensated by the decline of fossil fuel
usage

- All other technical and financial assumptions been made are given in Annex | of this
document.

Conditions, barriers, constraints, enabling framework

- Usage of hydrogen in kiln and calciner burner neds to be studied long-term

- Availability of sufficient carbon neutral H,

- Global availability of piping, burner injectors and storage tanks for 2050 undefined
- Safety regulations, trained personnel, hydrogen leakage prevention

- If self-produced H: High voltage power grid connection
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4.19 Technology Paper No. 19: Electrification, plasma and other technologies

Currently there are only a few projects within the cement industry, which are focusing on the
electrification of the cement manufacturing process. In general, the heat transfer through
electrification appears promising for the cement industry and can be accomplished by differ-
ent methods, such as plasma technology, induction heating, resistive electrical heating and
microwave heating. However, none of these concepts has been applied industrially in ce-
ment manufacturing yet and only a few conceptional applications and methods have been
reported. As electrical processes would replace fuel combustion, approximately 35% of total
the CO2 emission could be abated.

The noteworthy LEILAC project features an alternative calciner design, which allows indirect
heat transfer either through the burning of fuels or through electrical energy (see also Tech-
nology Paper No. 48).

Plasma burner

Plasma heating is based on the generation of a hot beam of ionized plasma, which is gener-
ated by the input of electrical energy in gas, often triggered by an arc discharge (or high fre-
quency field). Plasma heating uses flowing gas (O2, N2, CO, air, steam etc.). As a result, heat
transfer to the product is mainly achieved by convection and can be influenced by manipulat-
ing gas type and flow. The plasma arc can produce a wide spectrum of temperatures ranging
from 1500°C to over 7000°C. Plasma torches have been built up to a capacity of a few MWi.

Within the CemZero project, initiated by Vattenfall and Cementa in 2017, a pre-feasibility
study evaluated the electrification of the cement production process by applying plasma tech-
nologies for the heat transfer in a cement kiln. Several scenarios for the full electrification
were simulated and examined on laboratory scale. Based on these results it was concluded
to further investigate the thermal electrification of cement manufacturing on a higher scale. In
a project of the British Mineral Products Association (MPA), a simulation study and a physical
short-term test (30 minutes) at an industrial cement kiln was conducted in order to evaluate
the use of a plasma burner in the calciner. It was demonstrated that the plasma burner was
able to withstand the harsh environment in the calciner and could deliver heat to the process.
The heat produced by the plasma burner was about 70 kW. Due to the short operation period
and the small amount of thermal energy originating from the plasma torch, no final conclu-
sion could be drawn for the evaluation of the electrified thermal input.

Induction heating

Induction heating is also based on the generation of Joule heat. Usually, the electrical current
is directly induced into the material to be heated, assuming the material is electro-conductive.
Otherwise, the current is induced into a container, which contains a fluid, which in turn can
be used to heat the material.

However, it is not yet known, which technology will be used for the heat generation through
electricity. It is important to note, that the meal has a low electrical conductivity and is non-
magnetic, so that the thermal energy has to be transferred indirectly through heat exchange
from a conductive and magnetic material.
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Microwave heating

The heat is transmitted through electromagnetic radiation in the microwave range into the
material. Principally, the meal can be heated up without direct contact with the power source.
On the other hand, cement raw material has poor microwave absorbing capacity. Quartz in
particular is transparent to microwaves at low temperatures. Therefore, microwave heating of
cement raw meal is very inefficient, also due to the reflection of the microwaves back into the
magnetrons.

Resistive electrical heating

In resistive electrical heating thermal energy is generated by a current in a resistive element.
The generated heat can then be transferred to the meal or process gas in different ways, ei-

ther directly through the convection of the gas or indirectly through conduction and radiation.
As the availability of materials, which can withstand the required high temperatures in an oxi-
dizing atmosphere in combination with a dusty environment is rather limited, this technology

seems does not seem to be promising for the clinker burning process.

Impact on energy consumption

thermal: decrease of MJ/t cli electric: increase of kWhtt cli
up to 3352 1000 to 3200

CO- emission reduction

direct: decrease 296 kg CO2/tcli | indirect: increase kg CO2/t cli
600 to 1800

Material input

plasma gas not available t/t cli

Technical Readiness

Technology Readiness Level
TRL 2022: 4 applicability for industry at TRL > 8 expected about: 2030-2040

The main influencing parameters are

- availability of carbon neutral electricity

- infrastructure for electrical power supply

- efficiency for energy transfer from electrical power to heat
- final process design for electrified cement plants

- reliability of new electrical thermal components
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Cost estimation

Cost estima- New installation Retrofit
tion Investment Operational Investment Operational
[Mio €] [€/t cem] [Mio €] [€E/t cem]

2020 not available 57 to 205 not available not available
increase

2030 not available 62 to 221 not available not available
increase

2050 not available 49 to 180 not available not available
increase

Remarks:

- The estimation of operational costs is based on the substitution of thermal energy from
fuel by electrified heat transfer through a plasma torch with efficiencies between 25 and
75%

- The costs for the plasma gas are not included

- Operational costs are expressed as additional costs compared to a conventional kiln

- Plasma torches with the required capacity are not available today. It is assumed that a
first-of-a-kind-plant might have significant changes in process technology, therefore no
investment cost estimation can be made. Investment costs are not available for high
power plasma torch systems

- All other technical and financial assumptions been made are given in Annex | of this
document.

Conditions, barriers, constraints, enabling framework

- Choice for process design
- Availability of carbon neutral electrical energy
- Future development of plasma technology to larger capacities
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4.20 Technology Paper No. 20: Recycled concrete fines as raw material for
clinker production

The proportion of alternative raw materials in the production of Portland cement clinker is
usually comparatively low (often less than 2%). This is due to the fact that the raw material
composition for clinker production predominantly requires calcium-containing minerals, which
can currently only be covered to a small extent by alternative raw materials. In alternative
raw materials currently being used, calcium is mostly bound as carbonate, so that CO. is re-
leased accordingly during burning. Therefore, alternative raw materials which provide a car-
bonate-free source of calcium are particularly interesting.

During its service life, hardened cement paste re-integrates CO- to an amount which corre-
sponds — at a conservative estimate - to approx. 20% of the CO, released from the limestone
during clinker production in a natural and slow way. Approx. 80% of the hardened cement
paste in concrete elements remains uncarbonated and represents a potential CO,-free
source of calcium for clinker production.

The technologies currently used for crushing and processing concrete do not yet provide a
selective separation of the cement paste. With current processing methods, around

70 mass-% recycled aggregate (ca. 80% aggregate, 20% cement paste) and 30 mass-% re-
cycled concrete fines (£ 2 mm) are recovered from crushed concrete. The resulting recycled
aggregates can be directly reused for the production of fresh concrete instead of natural
gravel and sand. Ground recycled concrete fines are particularly suitable for use as raw meal
component for clinker production and as a cement component (see Technology Paper 40).
Recycled concrete fines, obtained by usual crushing and processing of crushed concrete,
contain approx. 25 to 30 mass-% hardened cement and approx. 70 to 75 mass-% of fine ag-
gregate. Currently, various processing methods for selective separating of fine hardened ce-
ment paste and aggregate from waste concrete are being tested in the industry (e.g. electro-
dynamic fragmentation in combination with various crusher stages). In trials with optimised
selective processes, the proportion of hardened cement paste could increase to approx.

60 mass-%. Furthermore, the composition of concrete fines corresponds to that of the fine
components of the concrete. Depending on the exposure of the concrete, they may also con-
tain chloride or sulphates, among other things, which must be taken into account when using
them as an alternative material for clinker production. In a finely ground state and stored un-
der appropriate alternating humidity conditions, the CO, uptake of hardened cement paste
increases. In the case of stockpile storage of separated hardened cement paste, only the
outer centimetres of the stockpile usually carbonate, so that the amount of CO2-free calcium
of the material should remain over a longer period of time.

In this respect, the hardened cement paste in recycled concrete fines represents a large,
mostly carbonate-free source of calcium that can be used again for the clinker production.
Current available concrete fines contain mainly sand (silicon dioxide) in addition to uncar-
bonated calcium silicate hydrate (CSH) phases and portlandite (Ca(OH)2). The content of
sand mostly limits the use of concrete fines as an alternative raw meal component, since the
high silicon content must be balanced out by adding limestone in such a way that the desired
clinker phases can be produced. Assuming an average limestone quality in a cement plant
and an average recycled concrete fines composition, up to around 10 mass-% of the raw ma-
terial mixture can be substituted from a technical point of view. Higher quantities are possi-
ble, the purer the hardened cement paste can be recovered during crushing (reduction of the
sand content) and the purer the available limestone is.
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Therefore, it is important to further develop the processing methods in order to achieve the
highest possible sand separation. The CO- savings potential of the recycled concrete fines
depends on their content of Portland cement clinker and other calcium-containing cement
constituents. Limestone constituents in cement(paste) or limestone aggregates in concrete
reduce this potential.

Currently, crushed concrete from constructions is hardly used for the production of cement
and concrete. Instead, almost all of the processed crushed concrete quantities are used for
road sub-construction or are mixed with soil material to improve its properties such as for
frost protection layers. Compared to the existing recycling practice of concrete, new source
streams must be initiated which take into account the complete reuse of materials used in
crushed concrete for the production of new fresh concrete (recycled aggregate) as well as for
clinker and cement production (recycled cement paste). Furthermore, a corresponding infra-
structure for crushed concrete processing, an adequate quality assurance and a transport
system for the respective source streams must be established. The large quantities of
material to be handled are certainly a challenge. For one tonne of (pure) hardened cement
paste, theoretically around 5 t of waste concrete have to be processed. The separation of
waste concrete during demolition and the separation of the hardened cement paste from the
aggregate must be improved.

The technical potential of these materials is the subject of current research.

The estimations below are based on a 10 mass-% substitution of raw material mixture by re-
cycled concrete fines. Further assumptions:

- Proportion of cement paste in recycled concrete fines (50 mass-%)

- Proportion of cement (Portland cement with 95 mass-% clinker) in cement paste
(w/c = 50%)

- 20% of process CO; of clinker via natural carbonation during service life

Impact on energy consumption

thermal: | decrease of 201 MJ/t cli electric: no significant kKWhtt cli
change

CO, emission reduction

direct: decrease of 68 kg CO2/tcli | indirect: no significant kg CO2/t cli

change
Material input
raw material decrease of 0.16 t/t cli

recycled concrete fines increase of 0.16 tit cli
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Technical Readiness

TRL 2022: 8, for selective separation technique producing fines with 50% cement paste
applicability for industry at TRL > 8 expected about: 2025

The main influencing parameters are

- High silicon content of recycled concrete fines reduces substitution rate
- High substitution requires high limestone quality in raw meal

- Grindability as typical raw meal

- CO; content of recycled concrete fines

Cost estimation

Cost estima- New installation Retrofit
tion Investment Operational Investment Operational
[Mio €] [€/t cem] [Mio €] [€E/t cem]

2020 not applicable not applicable | not available 0.8t00.2
decrease

2030 not applicable not applicable | not available 0.8 decrease

2050 not applicable not applicable | not available 0.8 decrease

Remarks:

- All technical and financial assumptions been made are given in Annex | of this

document.

Conditions, barriers, constraints, enabling framework

- Currently, crushed concrete from constructions is hardly used for the production of
cement and concrete; it is mainly used for road substructures
- Processing (separation, crushing, fractionation, etc.) of crushed concrete must be

improved in order to obtain recycled concrete fines
- Long transport distances from demolition site to cement production

- Corresponding infrastructure for processing of waste concrete, an adequate quality
assurance and transport systems must be establishedy
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4.21 Technology Paper No. 21: Advanced plant control and Al-supported
control systems

The stability of the continuous production process in cement plants has a big influence on its
energy efficiency. Due to varying material or fuel properties, the clinker burning process and
the grinding processes are constantly changing. Non-automated processes or non-optimised
process control systems may lead to capacity decrease, heat losses and moreover to unsta-
ble process conditions including more operational stops. This can cause increased electrical
and fuel demand, e.g. at the kiln for reheating the sintering zone. Advanced plant control sys-
tems, often called ‘expert systems’, are significant measures to optimise the comminution
and combustion processes. Based on a combination of different approaches like predictive
process models, fuzzy control or artificial intelligence (Al) and machine learning (ML), pro-
cess conditions are constantly supervised whilst underlying PID setpoints are optimised with
respect to the many interdependencies between the process parameters. With the ongoing
digitalisation of cement production, the availability and quality of data has been increased,
paving the way for trustworthy and performant Al-supported control and optimisation tools.

At the kiln both raw materials and the fuel mix can be improved through the analysis of
chemical and physical characteristics. Besides automating the weighing and blending pro-
cesses, other parameters like air flow, mass flow and temperature distribution can be con-
trolled in order to optimise the kiln operation. Process control of the kiln system can improve
heat recovery, material throughput and a reliable control of free lime content in the clinker.
Moreover, decreased energy demand and more even product quality under process-con-
trolled mill operation have also been reported. Typical parameters controlled in such systems
are separator speed, fresh feed rate or air flow. Quality parameters can either be measured
or determined by the use of soft-sensors (software sensors based on ML) and then directly
linked to process parameters. Thus, safety margins such as for temperature or fineness can
be reduced.

Thermal and electrical energy savings relating to the use of control systems compared to a
cement plant without such a system may vary typically between 50 to 200 MJ/t cli and 0 to
2.5 kWh/t cem. More consistent clinker and cement quality can also support the further re-
duction of the clinker factor. Often, a payback period of 2 years is typical for control systems.
Successful application of advanced control systems requires a mechanically stable process.
Savings from previous optimisation measures e.g. material distribution are not considered
here. The possible reduction of thermal and electrical energy consumption strongly depends
on the technical equipment and its availability, the initial level of plant automation, the instru-
mentation, data availability and data quality as well as the qualification and acceptance
among the operating staff.

Impact on energy consumption

thermal: decrease MJ/t cli electric: decrease kWh/t cem
of 20 to 170 of 1.5t0 3.2

CO, emission reduction

direct: decrease of kg CO./t cem | indirect: decrease of kg CO./t cem
1to 11 09t01.8
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Material input

not applicable

Technical Readiness

TRL 2022: 8-9

The main influencing parameters are

- Technical plant equipment and mechanical condition
- Initial status of plant automation

- Instrumentation

- Data infrastructure and data quality

- Education of staff and acceptance

- COqintensity of fuels

Cost estimation

Cost estima- New installation Retrofit
tion Investment Operational Investment Operational
[Mio €] [€/t cem] [Mio €] [€/t cem]

2020 0.251t0 5.0 0.2t0 0.8 0.251t0 5.0 0.2t0 0.8
decrease decrease

2030 0.25t0 5.0 0.2t0 0.8 0.25t0 5.0 0.2t0 0.8
decrease decrease

2050 0.25t0 5.0 0.2t0 0.8 0.25t0 5.0 0.2t0 0.8
decrease decrease

Remarks:

Conditions, barriers, constraints, enabling framework

Investment figures may vary significantly due to plant configuration and the level of
instrumentation and automation.
All other technical and financial assumptions been made are given in Annex | of this

document.

Existing plant constellation predetermines further needs of equipment
Processes need to be mechanically stable before application of new control systems —
“good housekeeping” is required

Processes should be optimised before installing new control systems

Educational level of operators and staff is of importance for process controlling
Fostering of acceptance for new modes of operation and new control technology is
crucial for successful application
Expert control systems simulate the best operator by using information from various
stages in the process — but they strongly depend on the quality of these sources of

information
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4.22 Technology Paper No. 22: Variable speed drives for fans

Electrical drives for mills, the kiln and for fans are the main power consumers in the cement
production process. Most of the other motors are relatively small-sized and fixed-speed mod-
els. Kiln drives are in general equipped with variable speed drives (VSDs) for process rea-
sons, and VRMs or HPGRs use VSDs in some cases to increase process stability. The elec-
trical energy consumption of fans can be reduced significantly because of oversized
equipment and large variations of the dust load. Other motors, e.g. of transport or ball mills,
can often not be operated in partial load for process-related reasons. In the past, dampers
and bypass-control systems were used to reduce the air flow, but most of the plants are al-
ready retrofitted with VSDs at the relevant fans (e.g. ID fan, clinker cooler fans, kiln exhaust
fan, mill ventilation). There is still potential for further improvement.

Therefore, the control method employed has a major effect on the operating costs. Fre-
quency controlled equipment is used in most cement plants, but the application may vary
widely depending on electricity costs. In particular, big fans (e.g. ID fan, cooler fan, kiln ex-
haust fan) are often equipped with variable speed drives.

Variable speed drives can help to reduce power use in cement plants. Assuming a low de-
gree of implementation, power savings of theoretically up to 3.4 kWh/t cem are achievable.
This value is based on a calculation which includes the replacement of the largest fans (ID
fans, clinker cooler fans and mill separator fans) and therefore do not apply to new installa-
tions or already retrofitted cement plants.

The use of VSDs has a major effect on the operating costs through energy savings. The
power consumption of fans changes with the third power to the speed of the unit. This means
that the reduction of the rotational speed by 10% leads to energy savings of almost 25%. The
electrical energy savings through frequency-controlled drives may therefore vary in a wide
range (in practice between 7 to 60% related to the drive itself). Additional benefits of variable
speed drives are the process controllability via a process control system, reduced mainte-
nance costs, reduced motor noise, and the elimination of fan vibration. On the other hand,
energy savings may be limited if the devices are operated close to maximum capacity. En-
ergy savings can also be achieved by the replacement of old, inefficient motors (as described
in Technology Paper 23).

Impact on energy consumption

thermal: not applicable electric: decrease of 0to 3.4 kWh/t cem

CO2 emission reduction

direct: not applicable indirect: decrease of 0to 1.9 kg CO2/t cem

Material input

not applicable
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Technical Readiness

TRL 2022: 9

The main influencing parameters are

- Number of variable speed drives installed at the fans (a complete update of ID fan,
cooler and mill fans from throttle control to VSD can result in the before-mentioned
reduction of 3.4 kWh/t cem)

- Increase of differential pressure by use of throttles (e.g. flaps or sliders) in operation

- Power consumption

- Application area

- CO: intensity of (external) power supply

Cost estimation

Cost estima- New installation Retrofit
tion Investment Operational Investment Operational
[Mio €] [€/t cem] [Mio €] [€/t cem]

2020 not applicable | not applicable 0.13t0 0.19 01t00.32
(1.000 kW) decrease

2030 not applicable | not applicable 0.13t0 0.19 0t00.34
(1.000 kW) decrease

2050 not applicable | not applicable 0.13t00.19 0t00.28
(1.000 kW) decrease

Remarks:

- The above-mentioned investment cost refers at its maximum to the installation of
frequency converters and new motors at the cement mill separator fans, the clinker
cooler fans and the ID fan. Additional installation costs of 30% are considered in the
investment costs. The operational cost strongly depends on the possible speed
reduction of the fan, due to replacement of mechanical air flow control units (e.g.
throttles). A fan speed reduction of 10% at the kiln site and 10 to 20% at the mill
separator fans (5% and 80% time slice) were assumed. Depreciation, interest and

inflation are not included in operational costs.

- All other technical and financial assumptions been made are given in Annex | of this

document.

Conditions, barriers, constraints, enabling framework

- Process control system with frequency controlled drives may stabilise process conditions

- Future developments can decrease investment and operational costs further on
- Economics depend on:
- CO2 and power price
- Number of replaced throttles and resulting reduction of differential pressure
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4.23 Technology Paper No. 23: Auxiliary system efficiency

Compressed air is the third most important energy carrier in the cement industry, immedi-
ately after heat and power. Moreover, it is frequently considered one of the most inefficient
and expensive forms of energy in the industry. Often around 90% of the energy necessary
for its generation is dissipated in motors and as waste heat. The generation of compressed
air can represent more than 50% of the electrical energy consumed by cross-sectional tech-
nologies in a cement plant, which include compressed air, lighting, and the acclimatisation of
technical buildings and administrative offices. However, cross-sectional technologies repre-
sent only up to 5% of the total power consumption of a cement plant. Up to 20% efficiency
gains can be obtained after the optimisation of compressed air systems. The correct design
of the compressor units in accordance with the air requirement of the plant in conjunction
with a centralised control system capable of managing demand fluctuations are among the
most important measures that can be undertaken to improve efficiency. The pressure level to
which compression is required depends on the consuming units (pressure level and volume
flow), as well as on the design of the pipe network (pressure drop). The increase of 1 bar in
the pressure level may lead to an increase of 6 to 8% in energy demand. The elimination of
leakages, the unplugging of decommissioned facilities and a differential pressure control sys-
tem of the bag-filters cleaning system are among the measures able to reduce compressed
air consumption.

Depending on its size and its process technology, a cement plant can have from 350 up to
more than 1000 motors to operate conveyors, pumps, small fans and blowers. The replace-
ment of standard efficiency (IE1) by premium and super premium efficiency motors (Class
IE3 and IE4 respectively) can represent up to 12% nominal efficiency gains, depending on
the size of the motor. Motors with higher installed power have however lower potential effi-
ciency gains (up to 3%). The substitution of motors is usually done in a stepwise fashion,
also taking into account spare motors stored in the plant. Therefore, a policy of purchasing
only premium and super premium efficiency motors when standard efficiency motors need
replacing is advisable most of the time. The exception may be small motors with short opera-
tion times, where the purchase of a class IE3/IE4 motor may not be economically justifiable.
The payback of this kind of investment is closely related to the operating time of the motor,
purchase price and electricity tariff.

Lighting represents only an insignificant portion of the total power consumed in a cement
plant (around 1%). Lighting technologies differ in their lifetimes, efficiencies (Lumen/Watt)
and potential applications must be carefully assessed before undertaking any change from
one technology to another. Moreover, the optimisation of lighting systems must always com-
ply with local regulations, which may also narrow the potential energy gains from country to
country. The design of the buildings and geographical localisation of the plant also impacts
the need for artificial lighting. Up to 25% energy savings can be observed after the correct
dimensioning and proper control of lighting systems and the replacement of standard light fix-
tures by energy efficient ones.

Impact on energy consumption

thermal: not applicable MJ/t cem electric: decrease of kWh/t cem
3to 5.5
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CO- emission

reduction

direct:

not applicable

kg CO2/t cem

indirect:

decrease of
2to3

kg CO2/t cem

Material input

not applicabl

e

Technical Readiness

TRL 2022: 9

The main influencing parameters are

Cost estimation

Initial efficiency level of installed motors, compressed air and lighting system in the plant
Correct design and maintenance (motors, lighting and compressed air system)

Layout, localisation of the plant and cement manufacturing technology

Financial incentives and national policies (motors, lighting and compressed air system)

Cost estima- New installation Retrofit
tion Investment Operational Investment Operational
[Mio €] [€/t cem] [Mio €] [€/t cem]

2020 depends on depends on depends on 0.3t0 0.5
measure/ measure/ measure/ decrease
technology technology technology

2030 depends on depends on depends on 0.3310 0.55
measure/ measure/ measure/ decrease
technology technology technology

2050 depends on depends on depends on 0.27 t0 0.45
measure/ measure/ measure/ decrease
technology technology technology

Remarks:

- Inretrofits the investment level strongly depends on the technology installed in the plant
and its current condition. An assessment of the local condition of the cement plant is
fundamental to better define the investment needs and potential gains. Only the costs
allocated to compressed air, lighting and high efficiency motors were considered in the
estimation of operational costs.

- All other technical and financial assumptions been made are given in Annex | of this
document.

Conditions, barriers, constraints, enabling framework

- Economics are dependent on electrical power price
- Local lighting regulations may constrain potential energy gains
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4.24 Technology Paper No. 24: Energy management

A systematic approach for increasing the energy efficiency of cement plants is the implemen-
tation of energy management systems. This implies the performance of energy audits by
qualified internal personnel or by external providers.

Energy management systems are implemented to develop an energy policy for the whole
company and to establish objectives, targets and action plans to reduce energy use in ac-
cordance with the organisation’s energy policy. The energy management system sets a fo-
cus on continuous monitoring and the potential for the improvement of energy use, its man-
agement, and the implementation of energy efficiency measures. However, the energy
saving is then not related to the implementation of energy management itself, but to the ap-
plication of technologies with potential for energy savings for cement production (see other
Technology Papers).

An important aspect is the awareness and training of the staff regarding energy use, com-
pany objectives and measures for energy savings. Changes in staff awareness, behaviour
and attitude can have a significant impact. The use of automation and control systems can
often improve overall energy efficiency (Technology Paper No. 23). Another important aspect
is that the energy use of all relevant utilities (big motors, drives, pumps, etc.) is measured
and continuously monitored with regard to opportunities for improvement (i.e. demand side
management - see Technology Paper No. 25) In many countries, requirements for energy
efficiency and/or energy management exist for industrial plants.

International standards like ISO 50001 can be used as a guideline to implement and maintain
an energy management system. The system follows a plan-do-check-act-cycle. The applica-
tion of the system involves the establishment of a baseline, the identification of influencing
parameters and the monitoring of normalised energy performance indicators. Management
audits are a further element for checking the effectiveness of the system.

Technical energy audits and reviews are an important step for identifying the potentials for
further energy savings. A complete energy audit for a cement plant would include all relevant
units of the plant (significant energy users, so called SEU’s) and all relevant energy perfor-
mance indicators:

- Evaluation of the energy demand (fuel and electricity) of all relevant departments (e.g.
raw material quarrying and preparation, clinker burning and cooling, cement and fuel
grinding, as well as auxiliaries based on information provided by the operator

- Evaluation of plant design with regard to energy aspects

- Evaluation of energy objectives and action plans

- Assessment of these characteristics in comparison with state-of-the-art cement
production

Experience shows that energy management systems are an effective tool to continuously

achieve further improvements in saving thermal and electrical energy.

Impact on energy consumption

thermal: not applicable MJ/t cem electric: not applicable kWh/t cem

CO, emission reduction

direct: not applicable kg CO/t cem | indirect: | not applicable | kg CO2/t cem
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Material input

not applicable

Technical Readiness

TRL 2022: 9

The main influencing parameters are

- Energy policy of the company
- Energy prices
- Improvement management plan

Cost estimation

Cost estima- New installation Retrofit
tion Investment Operational Investment Operational
[Mio €] [€/t cem] [Mio €] [€/t cem]
2020 not applicable not available not applicable not available
2030 not applicable not available not applicable not available
2050 not applicable not available not applicable not available
Remarks:

- Energy management: No direct energy saving, but determination of technologies and

potential for energy savings for cement production.

Conditions, barriers, constraints, enabling framework

- Available financial funds for investment in energy saving measures

- Conflicting objectives for plant operation, i.e. product quality
- Knowledge about energy saving technologies, training
- Staff awareness

- Incentives through legal regulation i.e. reduction of energy taxes or fees
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4.25 Technology Paper No. 25: Optimised cement plant operation with renewa-
ble power

The share of electrical energy coming from renewable energy sources (wind, hydro, solar,
biomass etc.) has been growing worldwide in the recent years, aiming at decarbonising the
power sector. Wind and solar energy resources depend on current local weather conditions.
This makes their availability subject to fluctuations and adds a degree of unpredictability in
terms of the management of the energy supply. During strong wind periods it may occur that
not the entire electrical energy from wind power generation can be fed into the transmission
grid and a certain share remains unused. The reason for such energy losses is a temporal
mismatch between supply and demand and the limited electrical transmission capacity of
power grids. Current storage capacities for electrical energy are often limited in capacity,
very costly and related to efficiency losses. Thus, a growing share of renewables in electrical
power production demands more flexible energy management strategies and the inclusion of
demand side management applications of suitable industry processes which can react to fast
changing availability of electrical power.

In general, cement producers coordinate their electrical power-intensive processes with local
grid operators regarding the operating times and duration. Often this results in operating the
raw and cement mills only temporarily, for example at night (e.g. 8 of 24 h), when the electri-
cal energy demand and consequently the prices are reduced. However, with an increasing
energy supply from renewable energy sources, the periods of maximum available electrical
energy and the corresponding volatility of energy prices may change significantly. Nowadays
many cement plants have dedicated schedules and procedures for planning their electrical
energy demand well in advance and thereby already contribute to the demand side manage-
ment of grid electricity. In order to further minimise the amount of discarded energy from re-
newable energy sources, additional management strategies and options for flexible produc-
tion processes are envisaged.

From the perspective of the cement plant’s demand side, a flexible grinding approach for raw
meal and cement production is possible to stabilise the electrical transmission system
through the operation time shifting of electrical power intensive processes. The management
of silo and production capacities could then be executed similarly to a battery operation for
more efficient utilisation of excess renewable energy. However, there are certain constraints
regarding the application in different grinding processes. Sufficient silo capacities and the re-
spective mill utilisation are especially relevant. Raw mills usually have a high utilisation factor
to ensure continuous kiln operation and are therefore less suitable for demand side manage-
ment in general. Furthermore, the handling and utilisation of exhaust gas from the kiln to pre-
dry raw material in the raw mill has to be considered.

On the other hand, an important advantage is a decrease in electrical energy demand during
periods with insufficient power generation from renewable sources, thus avoiding fossil fuel
use in the power sector. In best case scenarios the mills are subsequently able to grind at full
capacity during times of abundant renewable energy. This would enable the fast compensa-
tion of emerging production deficits through shifted mill operation time slots. On the other
hand, drawbacks can arise from inefficient mill operation with an increased number of stop-
pages and increasing wear progress and maintenance effort for cement mills and auxiliary
equipment. Moreover, potential negative impacts on product quality during the mill start-up
and shut-down periods have to be considered.
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The minimising on-off operation and assuring minimum mill operating time periods must
therefore be part of an integrated management strategy for the efficient, flexible use of re-
newable energy for cement production.

Summarised, the installed mill power, the mill utilisation factor and the local available silo
capacities determine the potential of a cement plant for using renewable power. From an
economic point of view, the future development of electrical power prices and the volatility of
these determine the achievable revenue potential for cement producers.

Currently, projects directly supplying renewable power to cement plants or in a construction
phase have been reported worldwide, e.g. in Bulgaria, Egypt, Germany, India, Morocco,
Mexico and Spain. Some cement producers have invested in wind farms or solar plants or
signed contracts with renewable energy producers in order to directly use renewable energy
for cement production, and in this way already contribute to the reduction of indirect CO»
emissions.

Impact on energy consumption

thermal: not applicable electric: not available,
increase possible

CO, emission reduction

direct: not applicable indirect: | decrease of kg CO2/t cem
1t0 8

The CO2 reduction potential was calculated based on the assumption of an average 0.5 h to
maximum 4 h per day mill operation with surplus renewable electrical power as a substitute
for electrical power produced from fossil fuels. The CO; reduction potential refers to an aver-
age specific electrical energy demand for raw meal and cement production of 25 kWh/t and
45 kWh/t respectively, with an average mill utilisation factor of 85%.

Material input

not applicable

Technical Readiness

TRL 2022: 9

The main influencing parameters are

- Additional production and silo capacities

- Local cement demand

- Availability of renewable electrical energy and surplus thereof
- Power supply infrastructure

- Plant location and wind/solar conditions
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Cost estimation

Cost estima- New installation Retrofit
tion Investment Operational Investment Operational
[Mio €] [€/t cem] [Mio €] [€/t cem]

2020 30 to 40 decrease up to 25 not available
0.17t0 0.34

2030 30to0 40 decrease up to 25 not available
0.18t0 0.37

2050 30 to 40 decrease up to 25 not available
0.15t0 0.30

Remarks:

The investment costs for new installations consider capacity extensions of raw and/or
cement mills as well as raw and/or cement silos in order to produce a maximum amount
at times of surplus renewable energy. The investment costs for new installations
consider high pressure grinding rolls (HPGR) plus ball mill including auxiliary equipment
as a hybrid or semi-finish grinding circuit installations

Investment costs for retrofit installations consider only the additional cost for increased
capacities for mills and silos than are normally required for a 6000 tpd plant. The costs
for retrofit take into account an additional pre-grinding step with HPGR in front of an
existing ball mill

The reduction of operational costs is calculated based on an estimated power demand of
30 kWh/t for an OPC cement combi-grinding with a target fineness level of 3000 cm?/g
acc. to Blaine, an estimated additional power demand for auxiliary grinding equipment of
15%, and an average mill utilisation factor of 85%. It is calculated for new installation
only with significantly increased grinding capacity and consequently increased demand
side management potential. The reduction of operational costs for new installations is
based on an estimated 5% to max.10% cost reduction in electrical energy purchase in
the case of demand side management application with one additional mill. It can differ
significantly depending on the mill utilisation factor as well as the basic level and volatility
of regional electrical energy prices

All other technical and financial assumptions been made are given in Annex | of this
document.

Conditions, barriers, constraints, enabling framework

Investment and operational costs for unused capacity of mills and silos

High frequency of power load fluctuations and short forecasting periods

Efficiency losses by on/off operation (accelerated wear of equipment, maintainance,
product with uncertain quality in the case of an increasing number of product changes)
Low share of renewable energy in electrical energy mix

Investment in renewable energy production
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4.26 Technology Paper No. 26: Cement grinding with vertical roller mills and
roller presses

50 to 65% of the electric energy used for cement production is spent on raw material and
cement grinding. Ball mills still account for the maijority of installed mills in cement plants, but
on a global level, among new installations today the vertical roller mill (VRM) has taken over
the lead. A significant reduction of the specific energy demand for cement grinding can be
achieved by combining high pressure grinding rolls (HPGRs) with existing ball mills (retrofit)
or by a complete substitution of these ball mills (new installation). The combination of a VRM
and ball mill is also possible but rarely implemented.

Theoretically, the specific energy consumption related to ball mills amounts to 70% for VRMs
and up to 50% for stand-alone HPGRs. Saving potentials are only limited by the quality
requirements of the final product. Fineness of up to 5500 Blaine in VRMs and up to 4500
Blaine in HPGRs can be achieved. But the particle size distribution of the products is
different to that of ball mills. High-pressure comminution typically results in narrow size
distribution, which has to be taken into account in terms of water demand or early strength,
but can also be advantageous for separate grinding and blending. In order not to
compromise quality, the HPGR is often used in combination with a ball mill, leading to a
much more flexible but also more complex grinding system (semi-finish-grinding-system). In
this case, the saving potential reaches up to 30% with an additional increase of throughput
by up to 80% compared to single-stage grinding in ball mills. Despite this,it has to be taken
into account that the application of VRMs and HPGRs is connected to respective
investments and requires additional maintenance efforts.

Impact on energy consumption

thermal: not applicable electric: decrease of kWh/t cem
61to 18

CO-, emission reduction

direct: not applicable indirect: decrease of kg CO2/t cem
3.8t010.1

Material input

not applicable

Technical Readiness

TRL 2022: 9

The main influencing parameters are

- Clinker properties (grindability)
- Moisture of cement constituents
- Product quality (fineness, PSD)
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Cost estimation

Cost estima- New installation Retrofit
tion Investment Operational Investment Operational
[Mio €] [€/t cem] [Mio €] [€E/t cem]

2020 20 to 30 10to 1.7 4to 15 upto 1.0
decrease decrease

2030 20to 30 1.1t01.8 4to 15 up to 1.1
decrease decrease

2050 20 to 30 0.9to 1.5 4to 15 up to 0.9
decrease decrease

Remarks:

The cost estimation is based on a clinker capacity of 2 Mio. t/a

Investment costs for a new installation are based on the installation of a new vertical
roller mill or new roller press to substitute an old ball mill. The investment costs for a
retrofit are based on the installation of a smaller roller press as a pre-grinder or together
with a new separator as a “semi-finish-grinding-system” with an existing ball mill circuit
A new installation of a complete “semi-finish-grinding-system” can cost up to 40 Mio €
The influence of increased maintenance efforts, effects on product quality, additional
thermal energy for drying and higher complexity of operation have not been taken into
consideration

Evaluation of reduced energy demand is based on cement grinding only
All other technical and financial assumptions been made are given in Annex | of this

document.

Conditions, barriers, constraints, enabling framework

Vibration can impact stable operation (depending on feed properties and product
fineness)

Sufficient dehydration of sulphate agents cannot always be ensured due to low
residence times

Additional thermal energy required for additive drying

Different particle size distribution compared to ball mills

Durability is limited by wear elements
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4.27 Technology Paper No. 27: High efficiency Separators

Open-circuit mills are limited when producing high product fineness and can only achieve this
with high power demand. To increase efficiency, mills are connected to adjustable air
separators and used in a closed circuit. Separators divide the mill discharge into fines and
coarse material, which is fed back into the mill again. A promising approach for the reduction
of the specific energy demand of the cement grinding process is the application of high
efficiency separators. These feature optimised air ducts and additional external air circuits.
The high separation efficiency leads to a higher proportion of fines. As a result, the number
of circulations of the mill feed declines and the throughput rises by up to 15%. This also
involves a reduction of the specific energy demand compared to grinding circuits with older
separator generations. High efficiency separators contribute to the energy demand for
grinding with about 5 to 8%. Even if the energy demand is high, separators have a potential
to contribute to an overall energy saving of 10 to 15%. To ensure process reliability, product
quality, and to use the separators to full capacity, the operation parameters of the particular
mill have to be adjusted, which is often restricted by limited knowledge of the complex
process interactions.

Impact on energy consumption

thermal: not applicable electric: decrease of kWh/t cem
2.3t04.5

CO, emission reduction

direct: not applicable indirect: decrease of kg CO./t cem
1.3t02.5

Material input

not applicable

Technical Readiness

TRL 2022: 9

The main influencing parameters are

- Clinker properties (grindability)

- Moisture of cement constituents

- Product quality (fineness, PSD)

- CO: intensity of the power production equivalent to the retrenchment
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Cost estimation

Cost estima- New installation Retrofit
tion Investment Operational Investment Operational
[Mio €] [€/t cem] [Mio €] [€E/t cem]

2020 1.5 0.2t0 0.4 1.5 0.2t0 0.4
decrease decrease

2030 1.5 0.2t0 0.5 1.5 0.2t0 0.5
decrease decrease

2050 1.5 0.2to 0.4 1.5 0.2to 0.4
decrease decrease

Remarks:

- The cost estimation is based on a clinker capacity of 2 Mio. t/a
- In operating costs the savings in electrical energy are based on application to cement

grinding

- Impact on product quality and increased maintenance effort are not considered
- All other technical and financial assumptions been made are given in Annex | of this

document.

Conditions, barriers, constraints, enabling framework

- Enhancement of the understanding of the grinding process
- Measurement and control technique
- Measurement expenditure
- Workability of grinding aid



Page 98 of 217 ECRA Technology Papers 2022

4.28 Technology Paper No. 28: Optimisation of operating ball mills

50 to 65% of the electric energy used for cement production is spent on raw material and
cement grinding. Ball mills still account for the maijority of installed mills in cement plants. An
optimisation of the large number of established ball mills implies high saving potentials. The
adaption of operating parameters represents an attractive approach as in many cases no
additional capital costs are required. Parameters that hold potential energy savings are the
material filling level and ball filling degree, the combination of the ball charge, the liner
design, adjustment of intermediate and outlet walls and the adjustments of the separator.
Standard optimisation methods include meter sampling along the grinding path as well as
separator sampling. By determination of the particle size distribution, reduction potentials can
be revealed. In addition, enhanced measures have been developed which allow a more
directed control of the grinding process. These include static electric ears and dynamic
electric ears / vibration detectors (mounted on the turning mill shell) with a downstream
frequency analysis, or online monitoring systems for the discharge of the mill. The main
problems are the complex interdependencies between the parameters mentioned. To reduce
the specific power demand of ball mills while still assuring operation reliability,
comprehension of the processes inside the grinding chamber has to be enhanced. The
modelling and simulation of ball mills have proven to be the methods of choice for achieving
further understanding.

Impact on energy consumption

thermal: not applicable electric: decrease of kWh/t cem
0.5t0 3.6

CO- emission reduction

direct: not applicable indirect: decrease/ kg CO./t cem
increase of
0.3t02.0

Material input

not applicable

Technical Readiness

TRL 2022: 9

The main influencing parameters are

- Clinker properties (grindability, moisture)
- Product quality (fineness, PSD)
- CO: intensity of the power production equivalent to the retrenchment
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Cost estimation

Cost estima- New installation Retrofit
tion Investment Operational Investment Operational
[Mio €] [€/t cem] [Mio €] [€E/t cem]

2020 not applicable | not applicable 0.015 to 0.025 0.1t00.3
decrease

2030 not applicable | not applicable 0.015t0 0.025 0.1t0o 04
decrease

2050 not applicable | not applicable 0.015 to 0.025 0.1t00.3
decrease

Remarks:

- The cost estimation is based on time and material needed for the investigation of one
mill system. These investigations are commonly described as mill audits. The mill
optimizsation can be done only once

- A plant with a clinker capacity of 2 mio. t/a is equipped with 2 to 4 mill systems in most
cases

- Constant specific costs over time are assumed for consideration of the savings in
electrical energy as well as reduced cost for wear

- All other technical and financial assumptions been made are given in Annex | of this
document.

Conditions, barriers, constraints, enabling framework

- Enhancement of the understanding of the grinding process

- Effective methods for modelling and simulation of the comminution
- Measurement and control technique

- Measurement expenditure
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4.29 Technology Paper No. 29: Separate grinding of raw material components

For the preparation of the raw mix for cement clinker production it is typically necessary to
add different corrective components in order to adjust the chemical composition of the raw
material coming from the quarry. Normally the grindability of the different constituents in the
raw mix can vary significantly. Consequently, components which are hard to grind are usually
recirculated more often in the mill system to supply sufficient comminution stress within the
mill in comparison to easy-to-grind components. This causes an increase of specific energy
demand for raw material comminution in total, as well as a reduced throughput rate in the
case of combined grinding of all components.

As a consequence, it can be more efficient to grind the raw material components separately.
Under the prerequisite that the materials can be sufficiently dried, the separate grinding of
large material quantities by high pressure comminution mills can be advantageous in terms
of energy efficiency compared to ball mills.

The most common application of this is separate grinding of sand or slag components, which
are both much harder to grind and more abrasive than main raw material constituents such
as limestone or marl. However, in general only a sufficiently high amount of material of each
component justifies the additional effort for the installation of another new mill for separate
grinding.

During inter-grinding, softer components might be ground finer than necessary, while more
energy is needed for the hard components (often sand as a SiO; carrier) to be comminuted.
In comparison, separate grinding allows the production of a raw meal with differentiated fine-
ness levels and subsequent optimised mixtures. However, the additional electrical energy
demand for blending has to be considered, as well as the need for additional silo capacities.
With respect to raw meal burnability, reactivity during the clinkerisation and the formation of
silicate crystals, inter-grinding is more advantageous. The influence on burnability behaviour
can be a very site-specific effect and difficult to quantify in advance.

Impact on energy consumption

thermal: not applicable MJ/tcli | electric: decrease of kWhtt cli
1.0t0 1.2

CO-, emission reduction

direct: not applicable indirect: decrease of kg COq/t cli
0.6t0 0.7

Material input

not applicable
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Technical Readiness

TRL 2022: 9

The main influencing parameters are

- Properties of raw material from quarry
- Grindabilty of raw mix components

- Applied grinding technology

Cost estimation

Cost estima- New installation Retrofit
tion Investment Operational Investment Operational
[Mio €] [€/t cem] [Mio €] [€/t cem]

2020 10 to 20 decrease 0.14 | 2to 5 decrease 0.13
to increase to increase
0.03 0.03

2030 10 to 20 decrease 0.15 | 2to 5 decrease 0.13
to increase to increase
0.02 0.03

2050 10 to 20 decrease 0.13 | 2to 5 decrease 0.12
to increase to increase
0,04 0.04

Remarks:

The cost estimation is based on a clinker capacity of 2 Mio. t/a

Investment costs for retrofit are based on the assumption that grinding equipment and
silo capacity for separate grinding are already available

Investment cost estimation for new installation is based on the assumption that one raw
mill is already available and only one additional small mill has to be installed

No additional personnel costs have been calculated

Operational costs include maintenance costs for the additional grinding system as well
as possible influence on component wear and an increased energy requirement for
transport

All other technical and financial assumptions been made are given in Annex | of this
document.

Conditions, barriers, constraints, enabling framework

High investment costs compared to very limited effect if the installation of an additional
mill is necessary

Increase of operational costs can be significantly higher than the savings of costs for
electric energy and fuel use in the clinker burning process.

Usually the raw material grinding is processed with one grinding system. Separate
grinding requires different grinding plants and, if the comminution cannot be done at the
same time, additional storage capacity
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4.30 Technology Paper No. 30: Advanced grinding

Comminution processes account for up to 70% of the electric energy demand for clinker and
cement production. In order to improve the energy efficiency in grinding, high pressure com-
minution is replacing comminution with single operating ball mills step by step. Nevertheless,
the potential for energetic optimisation of grinding equipment with currently available and
commonly utilised comminution technology seems to be limited, although theoretically grind-
ing technologies should provide significant saving potentials.

ECRA has taken on this challenge and has established a research project dedicated to effi-
cient grinding in the cement industry. The project is pre-competitive and examines “Future
grinding technologies” for the cement manufacturing process and classifies them in terms of
coarse pre-comminution, fine and ultra-fine grinding. It involves cross-sectoral stakeholders
including equipment suppliers and highlights technologies of different development stages.

Up-coming challenges of optimising cements with two or more main constituents and the ris-
ing demand for increased product fineness emphasise the need for more specialised grind-
ing technologies, flexible plant layouts and blending strategies. Moreover, the requirement to
reduce the specific energy demand for comminution and the corresponding indirect emission
of CO; per tonne cement is affecting future grinding strategies. Based on the classical grind-
ing technologies identified to be sufficient for dry comminution of cement constituents, the
ECRA “Future grinding technologies” project provides the basis for new comminution strate-
gies. The concept of energetically improved grinding and mixing of optimised cement particle
size distributions (PSDs) can be found in ‘multi-stage grinding’, where all cement main con-
stituents and even raw material for clinker production can be ground to the optimum fine-
ness. This can be realised by implementing various grinding steps. Coarse pre-comminution
is predestined for raw material grinding below 200 um. Fine grinding equipment can be uti-
lised for grinding clinker, slag, limestone and raw material, whereas ultra-fine grinding de-
vices can provide cement main constituents of very high fineness beyond 8000 cm?/g
(Blaine). The benefit of a multi-staged grinding plant layout lies in the subsequent blending
and homogenisation of the optimal cement PSD and in an increase of the total comminution
efficiency at the same time.

Multi-stage grinding on the one hand delivers the key towards utilisation of very efficient
grinding equipment in various fineness ranges, but on the other hand depends on the re-
quirements and infrastructure of every single cement plant. Therefore, the concept of multi-
stage grinding will be an individual solution for each specific plant. Hence, an estimation of
the investment and operational costs cannot be done on this general level.

Impact on energy consumption

thermal: not applicable electric: not available

CO, emission reduction

direct: not applicable indirect: not available

Material input

not applicable
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Technical Readiness

TRL 2022: 1

applicability for industry at TRL >8 expected around: 2050

The main influencing parameters are

- Properties of cement’s main constituents (grindability, moisture)

- Product quality (fineness, PSD)

- Physical limitations for energy transfer

- Material science and grinding technology

- Durability of wear elements

- CO: intensity of the power production equivalent to the retrenchment
- R & D efforts

Cost estimation

Conditions, barriers, constraints, enabling framework

Cost estima- New installation Retrofit
tion Investment Operational Investment Operational
[Mio €] [€/t cem] [Mio €] [€/t cem]
2020 not available | not available not available not available
2030 not available | not available not available not available
2050 not available | not available not available not available
Remarks:

General cost estimation not possible at the current stage of development.

Fundamental research in material science required
Enhancement of the understanding of breakage processes
Enhancement of the understanding of abrasive wear
Increase of durability of hard-faced rolls
Development of new hard-facing materials
Development of new grinding plant layouts
Development of new principals for energy transfer for breakage
Technology up-scaling to industrial size with satisfying throughputs and finenesses
Detailed understanding regarding dry comminution of cement constituents with sufficient
and highly efficient technologies required
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4.31 Technology Paper No. 31: Separate ultra-fine grinding and blending of
cements

Separate grinding and mixing is a commonly used practice in the cement industry to produce
energy-efficient multi-composite cements of high quality. Usually, ball mills (BM) are used to
grind cements and their main components to high fineness. The resulting particle size distri-
bution (PSD) is comparably broad, which leads to excellent cement properties. Moreover, due
to the fact that ball mills are robust and simple to operate, and as the operational experience
is high, the use of this comminution technology is still state-of-the-art in the cement industry.
Nevertheless, the specific energy demand of ball mills is very high. Through the use of very
efficient grinding technologies such as high-pressure grinding rollers (HPGR), the PSD of the
product is often very narrow. Moreover, such grinding devices are commonly limited in maxi-
mum fineness compared to the BM. This of course affects the cement properties of the ground
products. Combined grinding circuits can lead to significant energy savings and broader PSDs,
but also increase CAPEX.

Through the use of existing grinding devices and circuits the potential to adjust the PSD is
limited. Separate ultra-fine grinding (SFG) can provide a further lever to improve the cement
properties. The basic approach of the SFG is to redesign the material flow and to provide a
further degree of freedom in order to optimise the PSD and therefore the cement properties.

Compared to a common combi-grinding circuit including a BM, only a small amount of the
finest pre-ground product of the high-pressure grinding device (1%t grinding step (GS)) is sub-
sequently ground in the 2" GS using a stirred media mill (SMM).

The differently fine intermediate products (IP) are mixed to produce the final cement. The mix-
ture can be optimised by using an advanced mixing strategy, which ensures an adjustment of
the final PSD in order to control the cement properties.

Using the approach of separate ultra-fine grinding and mixing, a significant energy saving po-
tential can be achieved compared to a BM which depends on the final product fineness. The
energy saving potential for Portland-Composite-Cements depends on the cement fineness,
but is additionally affected by the amount of added clinker substitutes and their grindability.
Recently completed research activities on separate ultra-fine grinding and blending of Port-
land-Composite-Cements have revealed an energy saving potential of up to 25 % compared
to co-grinding in a ball mill.

Impact on energy consumption

thermal: not applicable electric: decrease kWh/t cem
Oto14

CO- emission reduction

direct: not applicable indirect: decrease kg CO./t cem
02to 7.7

Material input

not applicable




Page 105 of 217 ECRA Technology Papers 2022

Technical Readiness

TRL 2022: 4 to 6

applicability for industry at TRL >8 expected about: 2030

The main influencing parameters are

- Properties of clinker and other main constituents

- Portions of the main constituents in the final cement blend
- Grindability of the main constituents

- Grinding technologies used

- Required cement properties

- CO: intensity of the power production

Cost estimation

Cost estima- New installation Retrofit
tion Investment Operational Investment Operational
[Mio €] [€/t cem] [Mio €] [€E/t cem]

2020 not available not available not available not available

2030 50 to 52 0.4t01.2 25 decrease of
decrease upto1.4

2050 46 to 48 0.5t0 1.1 21 decrease of
decrease up to 1.1

Remarks:

- The cost estimation is based on a clinker capacity of 2 Mio. t/a, with constant specific
costs over time and a cement fineness of 4500 cm?/g (Blaine)

- The cost estimation for a retrofit is based on the assumption that a BM and at least one
blending silo are already available

- The cost estimation for a new installation is based on the assumption that a new VRM
for each cement component and new fine grinding devices have to be installed

- Depreciation, interest and inflation are not included in the operational costs. No
additional personnel costs have been considered. Operational costs refer to cost
differences for electric energy

- All other technical and financial assumptions been made are given in Annex | of this
document.

Conditions, barriers, constraints, enabling framework

- High investment costs compared to a limited effect, if installation of a secondmill is
necessary

- Separate grinding requires different grinding plants and, if the comminution cannot be
done at the same time, additional storage capacity

- Not appropriate for the production of cement types of low fineness

- For blending and homogenisation, additional equipment is required
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4.32 Technology Paper No. 32: Increased cement performance by optimised par-
ticle size distribution (PSD)

In many cases multi-composite cements are inter-ground in one mill. As a result, the constit-
uents with a low grindability index (e.g. limestone or clay) accumulate in the fine fraction,
while on the other hand constituents which are harder to grind remain in the coarse size frac-
tion of the product. Inter-ground fine particles can contain a high amount of overground parti-
cles and agglomerates.

In this context the separate grinding and blending of the main constituents enables a new de-
gree of freedom. This approach opens up the possibility to control the fineness level of main
cement components like clinker and other latent hydraulic materials such as granulated blast
furnace slag, pozzolana and inert filler constituents in the final particle size distribution (PSD)
separately. Since different mill types produce different particle size distributions at various
fineness levels, an overall product PSD can be specifically designed by choosing selected
mill types for different components and the following adjustment of the mixing process. The
optimisation process can focus on

- optimisation of the cement properties, or
- reduction of the specific energy demand, or
- increase of the substitution rate of clinker

Furthermore, the envisaged clinker factor reduction requires an increased application of
other supplementary cementitious materials (SCMs). The substitution can be accomplished
with components like inert limestone, granulated blast furnace slag, calcined clay and further
pozzolanic additives in future composite cement portfolios in order to meet emission reduc-
tion targets.

In this context the specific PSD design becomes more important with respect to quality re-
quirements and application cases of different cement products with reduced clinker content.

In particular the production of multimodal composite cements with specified particle size frac-
tions, originating from different material components, promises the exploitation of further
qualitative optimisation potential of different cement products. This approach enables the
specific reduction of clinker content in the cement by limiting it to certain particle size frac-
tions. In this way the hydraulic potential of clinker can be utilised more efficiently without de-
terioration of final quality requirements. Separate grinding and mixing is a proven technologi-
cal approach. The advanced development is therefore focused on the optimisation of PSD
composition.

It has been observed that through optimisation of the PSD, the portion of other constituents
(like limestone or slag) could be increased by up to 5% without compromising on strength.
Thus, thermal energy (up to 170 MJ per ton cement savings) and the electrical energy de-
mand can be reduced depending on the amount of clinker substitution.

Impact on energy consumption

thermal: decrease of MJ/t cem electric: decrease of kWh/t cem
0to170 up to 0.8
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CO- emission reduction

direct:

decrease of
Oto42

kg CO2/t cem

indirect:

decrease of
upto 0.4

kg CO2/t cem

Material input

Increased use of alternative main constituents, numbers not available

Technical Readiness

TRL 2022: 9

The main influencing parameters are

- Properties of clinker and other main constituents

- Clinker substitution rate
- Local availability of supplementary cementitious materials
- Grinding technology

- Required cement properties

Cost estimation (based on a reference clinker/cement factor of 95%)

Cost estima- New installation Retrofit
tion Investment Operational Investment Operational
[Mio €] [€/t cem] [Mio €] [€E/t cem]

2020 3t08 decrease of not applicable decrease of
up to 2.3 up to 2.1

2030 3t08 decrease of not applicable decrease of
up to 2.3 up to 2.1

2050 3t08 decrease of not applicable decrease of
up to 2.2 up to 2.0

Remarks:

- All other technical and financial assumptions been made are given in Annex | of this

document.

Conditions, barriers, constraints, enabling framework

- The cost estimation is based on a clinker capacity of 2 Mio. t/a
- The cost estimation for a retrofit is based on the assumption that different mills and at
least one multi-chamber blending silo are already available
- The cost estimation for new installation is based on the assumption that a new multi-
chamber grinding silo has to be installed
- Operational costs include the cost difference for electrical energy. The savings in
operational costs are based on an estimated clinker substitution rate of 5% with other
SCMs based on a reference clinker/cement factor for OPC of 95%

- No additional labour costs have been considered
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4.33 Technology Paper No. 33: Optimised use of grinding aids

In nearly all mills for cement grinding and also in a variety of raw mills, grinding aids are used
in order to increase the efficiency of the grinding process. Grinding aids are solid or liquid
substances like amines (e.g. Mono-, Di- or Tri-ethanolamine) or glycols (e.g. propylene- or
ethylene-glycole) which are added in small quantities to the mill feed. Especially with
increasing product fineness it is essential during comminution to not only produce additional
particle surfaces, but also to control agglomeration mechanisms. Due to electrostatic forces,
newly created surfaces tend to stick together and form agglomerates (secondary particles) or
coatings, which have a damping effect during comminution. Grinding aids are chemisorbed
by the particles and have a neutralising effect on the surface charges. Although they do not
actively contribute to particle breakage, their use increases process efficiency by avoiding
the formation of coatings and enhances material transport and separator efficiency. But
grinding aids can also alter the particle size distribution (PSD) of the product and can have
an impact on strength development.

It is therefore necessary to optimise the use of grinding aids (type and amount) by taking a
holistic approach and considering the comminution and separation process as well as the
product properties. In many cases a grinding aid is primarily applied in order to reduce
coatings on or inside of grinding devices. But since the residence time in the mill and also the
separator performance changes, the PSD is altered, leading to changed product properties.
Improved PSDs allow a reduction of fineness, which again allows modification of the process
parameters. The optimisation process is therefore iterative and complex and has to be
applied to each type of grinding aid. For intergrinding the optimisation by cement type holds
additional potential, since different main constituents react differently with the grinding aid.

Through the appropriate selection of a grinding aid as well as the optimisation of the cement
grinding process and the product, a saving potential of 2 to 5 % is expected. A positive effect
on raw material grinding is expected to be much lower compared to finish grinding of cement
and is therefore not often realised in practice.

Impact on energy consumption

thermal: not applicable electric: decrease of kWh/t cem
0.5t02.3

CO-, emission reduction

direct: not applicable indirect: decrease of kg CO./t cem
0.3to 1.1

Material input

Grinding aid 0.0002 to 0.0005 | t/t cem
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Technical Readiness

TRL 2022: 9

The main influencing parameters are

- Product fineness and composition
- Properties of main constituents

- Product properties (strength development, workability, water demand)
- Type of mill and separator

- Performance, dosage and concentration of available grinding aid

Cost estimation

Cost estima- New installation Retrofit
tion Investment Operational Investment Operational
[Mio €] [€/t cem] [Mio €] [€E/t cem]

2020 not applicable | not applicable not applicable 0.05t0 0.21
decrease

2030 not applicable | not applicable not applicable 0.05t00.23
decrease

2050 not applicable | not applicable not applicable 0.041t00.18
decrease

Remarks:

- The cost estimation is based on a clinker capacity of 2 Mio. t/a and a dosing system for
grinding aid already available, with constant specific costs over time

- Taken into account are the savings in electrical energy based on an application to raw
material grinding (min) and cement grinding (max)

- Possible cost reduction or increase due to change in type of grinding aid, increase or
decrease of amount is not considered

- All other technical and financial assumptions been made are given in Annex | of this
document.

Conditions, barriers, constraints, enabling framework

- Type of available grinding aid

- Local standards and regulations

- Transport, packing and de-dusting equipment
- Product portfolio
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4.34 Technology Paper No. 34: Reduction of clinker content in cement by use of
granulated blast furnace slag

Cements containing granulated blast furnace slag (GBFS) are very common. Their produc-
tion involves blending by the separately ground clinker and GBFS or inter-grinding the two
constituents. As compared to Portland cement less clinker is needed per ton of cement, CO>
emissions from fuel combustion and from the decarbonation of limestone can partially be
saved.

The production of cements with GBFS as a main constituent requires additional fuel for dry-
ing as well as additional electricity for grinding (depending on higher fineness). However, the
use of GBFS does not lead to a significant increase in the electricity consumption due to sav-
ings in clinker production. The thermal energy demand of the cement production decreases
almost linearly with the increasing GBFS proportion in cement.

With increasing amount of GBFS, the early strength of cements generally decreases. GBFS
in cement can lead to higher long-term strength and higher resistance to chloride ingress. It
reduces the risk of alkali-silica-reaction and also increases the resistance against sulphate
attack. Cements with higher amounts of GBFS are often used for massive constructions due
to lower heat of hydration.

Many cement standards worldwide allow for the use of GBFS as a main constituent in ce-
ment. In Europe, the European standards EN 197-1 and -5 define 14 cement types with up to
95 mass-% GBFS. Several main constituents can be combined with GBFS in (Portland)com-
posite cements. Presently, the technical performance and the application of cements with low
clinker contents and combinations of GBFS with other main constituents such as clays
and/or limestone are being investigated and proposed for a broader application. In practise,
today the amount of GBFS in technically used cements usually ranges from 30 to

70 mass-%.

The availability of GBFS mainly depends on pig iron production. In 2020, an estimated
amount of 400 Mio. t of blast furnace slag was produced worldwide of which around

300 Mio. t were granulated to produce GBFS. The amount of steel slag was estimated at
200 Mio. tin 2020.

In the medium term, blast furnace slag and fly ash can be used in ternary and quaternary
mixes with steel slag / acidic blast furnace slag and clinker to overcome the lack of hydraulic-
ity of certain slag types, and to increase the availability of slags. Research on this is ongoing.

In the long-term, pig iron production will be increasingly shifted to the Direct Reduced Iron-
process (DRI) with hydrogen in the context of global decarbonisation. This is expected to
lead to a significant decline in the available quantities of blast furnace slag. Findings on the
properties of the resulting DRI-slag and its suitability as a cement component are not yet
available. Intensive research is currently being carried out on this.

Impact on energy consumption

thermal: decrease of up to 2514 MJ/t cem electric: increase of up to 19 kWh/t cem
compared to Portland Cement compared to Portland Cement
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CO- emission reduction

direct: decrease of up to 629 kg CO./t cem | indirect: increase of up to 10.6 kg COa/t cem
compared to Portland Cement compared to Portland Cement

Material input

granulated blast furnace slag amount of material up to 0.80 t/t cem

The main influencing parameters are

- Availability (depends mainly on steel production, level of slag granulation, use of GBFS
in concrete or geopolymers)
- Quality and price (incl. logistics) of GBFS

Cost estimation

Cost estima- New installation Retrofit

tion Investment Operational Investment Operational

[Mio €] [€/t cem] [Mio €] [€/t cem]

2020 not applicable not applicable | 5to 10 decrease up
to 11
compared to
Portland
Cement

2030 not applicable not applicable | 5to 10 decrease up
to 11
compared to
Portland
Cement

2050 not applicable not applicable | 5to 10 decrease up
to 11
compared to
Portland
Cement

Remarks:

- The estimations on impact on energy consumption, CO; savings as well as costs and
investments are based on GBFS content in cement of 80 mass-% in comparison to the
reference plant data (see “key assumptions” in Annex).

- Capital expenditures are only relevant if extra storage capacity is necessary for GBFS
and new cement types, and for technical equipment for the handling and drying of GBFS

- It is assumed that one extra cement silo will be needed, but no silo for the GBFS, which
can be stored outside

- Investment costs include technical equipment for handling and drying of the GBFS

- Operational cost savings depend very much on the purchase costs of GBFS as
compared to the cost of clinker production at the site under question. Influencing factors
are therefore fuel costs for clinker production, electricity costs for kiln drives and bypass,
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electricity costs for raw material and cement grinding, fuel costs for drying of GBFS. An
important factor are also logistic costs to transport GBFS to the cement plant

- These costs need to be assessed on the basis of individual plants and cement types.All
other technical and financial assumptions been made are given in Annex | of this
document.

Conditions, barriers, constraints

- Availability (depends mainly on the level of raw iron production, level of slag granulation,
and the competitive situation concerning GBFS use, e. g. as decarbonated raw material
for clinker production or as basic material for future production of geopolymers)

- Quality (in particular homogeneity)

- Logistics

- Technical performance of concrete produced with cements containing GBFS (e.g.
strength development, durability)

- Standards and regulations

- Market acceptance
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4.35 Technology Paper No. 35: Reduction of clinker content in cement by use of
natural pozzolanas

Pozzolanic materials can be used as main constituents in cement. In replacing clinker they
reduce the CO, emissions of the cement which result from fuel combustion and from the
decarbonation of limestone during clinker production.

Pozzolanas are defined as substances of siliceous or silico-aluminous composition which
react in the presence of water at ambient temperature with dissolved calcium hydroxide
(Ca(OH).) to form strength-developing calcium silicate and -aluminate hydrates. As an
indicator for its reactivity the content of reactive silica is important. As an example, the
European cement standard EN 197-1 requires the content of reactive silicon dioxide to be at
least 25 mass-%. However, the reactive alumina content is also of significance.

A differentiation is made between natural pozzolanas (“P” acc. EN 197-1) and natural
calcined pozzolanas (“Q” acc. EN 197-1, see Technology Paper 36). Natural pozzolanas are
usually materials of volcanic origin or sedimentary rocks with suitable chemical and
mineralogical composition (e.g. pumice or diatomite).

The production of cements with natural pozzolanas involves the pre-treatment of the
pozzolana, such as the crushing, drying and grinding and the intergrinding or mixing of the
cement clinker with the pozzolanic material. The electric energy consumption is assumed to
be slightly lower because of the better grindability of most pozzolanas compared to the
replaced clinker. The thermal energy consumption of the cement production decreases
almost linearly with an increase in the pozzolanas. The partly vastly different properties of the
cement are disregarded in this approach.

Cement properties vary depending on the pozzolanic materials used, their chemical and
mineralogical composition, their fineness and therefore their reactivity. Because the
pozzolanas do not react as fast as the clinker, in general - and under the same conditions of
cement fineness - the early compressive strength of cement decreases with increasing the
amount of natural pozzolanas. On the other hand, the use of pozzolanas as a main
constituent can lead to better workability, higher long term strength, improved chemical
resistance and less efflorescence of concrete products.

The use of natural pozzolanas as a main constituent of cement is common, e.g. in Europe.
According to EN 197-1, the production of various cement types containing natural
pozzolanas from 6 to 55 mass-% is possible. In practise, the proportion of pozzolana in
technically used cements is usually in a range of up to 35 mass-%.

The availability of pozzolanas mainly depends on the local geological conditions. Reliable
data on the current worldwide production or which proportions are used as cement constitu-
ents are difficult to derive. As a rough estimation, the amount used for cement and concrete
was probably around 20 Mio. t in 2020. However, natural pozzolanas and in particular natural
calcined pozzolanas will play an important role in lowering the clinker factor in tomorrow’s ce-
ments.
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Impact on energy consumption

thermal: | decrease of up to MJ/t cem electric: decrease of kWh/t cem
1006 up to 15
CO, emission reduction
direct: decrease of up to | kg CO./t cem | indirect: decrease of kg CO./t cem
251 up to 8.45
Material input
natural pozzolanas up to 0.35 t/t cem
Technical Readiness
TRL 2022: 9
The main influencing parameters are
- Type, availability, quality and price (incl. logistics) of the pozzolanas
- Amount of pozzolana in cement
Cost estimation
Cost estima- New installation Retrofit
tion Investment Operational Investment Operational
[Mio €] [€/t cem] [Mio €] [€E/t cem]
2020 not applicable not applicable | 8 to 12 up to 5.8
decrease
2030 not applicable not applicable | 8 to 12 up to 6.3
decrease
2050 not applicable not applicable | 8 to 12 up to 6.0
decrease
Remarks:

- The estimations on impact on energy consumption, CO- savings as well as costs and
investments are estimations based on pozzolana content in cement of 15 to 35 mass-%
in comparison to the reference plant data (see “key assumptions” in Annex).

- Capital costs are due to extra storage capacity for the pozzolana and the cements as
well as the technical equipment for handling and drying of the pozzolana.

- Operational cost savings depend on reduced fuel costs for clinker production, reduced
electricity costs for kiln drives and bypass, and decreased electricity costs for cement
grinding; They might increase through the transport costs of the pozzolanic material

- These costs need to be assessed on the basis of individual plants and cement types.

- All other technical and financial assumptions been made are given in Annex | of this

document.
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Conditions, barriers, constraints

- Sources, availability (landscape design, competitive use), quality (in particular
homogeneity and reactivity) and (potentially) prices of the pozzolana

- Logistics

- Technical performance of concrete produced with blended cements (e.g. workability,
strength development, durability)

- Standards and regulations

- Market acceptance
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4.36 Technology Paper No. 36: Reduction of clinker content in cement by use of
natural calcined pozzolana

The production of cements containing natural calcined pozzolanic materials reduces the
amount of clinker needed for cement production. Thus, CO» emissions from fuel combustion
and from decarbonation of limestone during clinker production can partially be saved, but
must be rated against CO, emissions from calcinating the pozzolana. Calcined clays can be
used as a cement constituent according to different cement standards worldwide, e.g.

EN 197-1 up to 55 mass-% (CEM IV/B). In practise the proportion of calcined clays in
technically used cements is usually in a range of 15 to 35 mass-%. In particular,
combinations of calcined clays with other cement constituents, e.g. limestone has synergistic
effects leading to positive cement properties.

Natural calcined pozzolanas used for cement production are usually thermally activated clays
(calcined clays). Depending on their chemical and mineralogical composition, the clays must
be heated to temperatures of over 600 °C in order to achieve their pozzolanic potential.
During the calcination the structure of the clay minerals decomposes through the release of
physically and chemically bound water. Resulting reactive silica and alumina compounds
react in the presence of water at ambient temperature with dissolved calcium hydroxide
(Ca(OH),) to form strength-developing calcium silicate and -aluminate hydrates (CASH-
phases). The reactivity of the calcined product can be determined by means of several
methods acc. ASTM C1897-20 or acc. EN 197-1 or determination of an activity index relative
to a standard cement or others. The reactive silicon dioxide acc. EN 197-1 does not always
correlate with the calcined clays' contribution to the strength of the cement. Furthermore the
application of the criterion of at least 25 wt.-% reactive silicon dioxide may exclude clay
qualities that are actually suitable for cement production. The methods of ASTM C1897-20
allows a much more differentiated assessment of the clay reactivity. For economical and
ecological reasons, in particular clays of lower grade, such as mixtures of several clay
minerals, will be of relevance as cement main constituents.

The production of cements with calcined clay involves the pretreatment of the clay, for
instance drying (release of up to 30 mass-% water), crushing and calcination, followed by
intergrinding or mixing of the cement clinker with the calcined clay. Besides CO. emissions
from the thermal energy consumption for calcination, decarbonation of carbonate impurities
in the raw clays might also be considered at temperatures above 800 °C. The calcination of
clays has so far mostly been carried out in rotary kilns, but several flash calciners now
already exist. The thermal energy requirement and CO, emissions for a calcination at about
800 °C can range between 1 and 2.6 MJ/kg or 0.1 and 0.3 kg CO: per kg calcined clay,
depending on the type of calcination and the clay moisture content. In principle, calcination in
flash calciners appear to be more efficient than calcination in the rotary kiln, both in terms of
energy and CO, emissions. Depending on the clay composition, for example ammonia,
organic or sulphur compounds may be contained in the flue gases, which may require
additional flue gas cleaning. Especially against the background of waste heat utilisation and
the use of existing plant components, a process-integrated calcination of clay, e.g. in a
cement plant itself, appears particularly advantageous. In this heat from the clinker burning
process can be taken for calcining the clays while the flue gas from the
grinding/drying/calcining process is fed into the kiln inlet of the clinker process to remove
unwanted gaseous compounds from clay, so that separate flue gas cleaning might be
avoided.
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Depending on the manufacturing process and the clay mineral type, the specific surface area
of the calcined clay varies. The color of calcined clays can be controlled via adjustment of the
cooling conditions. The reddish color (formation of hematite) can be largely avoided if the
clays are cooled under a reducing atmosphere (stabilisation of grey magnetite).

The electric energy consumption is assumed to be slightly lower compared to clinker
because of the better grindability of calcined clays, which is comparable to the grindability of
limestone.

Because calcined clays of technical grade do not react as fast as the clinker, in general the
early compressive strength of cement decreases with increasing calcined clay proportions.
According to their fineness and their specific surface area, calcined clays could increase the
water demand of the respective cement, which can be compensated by concrete technology
measures. On the other hand, concretes with calcined clay cements may show higher long
term strength and improved durability due to a dense microstructure.

So far natural calcined pozzolana are commonly used in cement only in a few countries but
the demand will significantly increase. Against this background, some flash calciners and
rotary kilns for the production of calcined clays are currently being built or planned. In the
medium-term the use of calcined clay cements will grow, first of all in areas where no
suitable amounts of other reactive cement constituents (slags or fly ashes) are available. In
the long-term view, calcined clays are seen as an important material group worldwide to
lower the clinker factor in particular as the global availability of slags and fly ashes will not be
able to cover the demand for cement main constituents. The geological availability of raw
clays is comparably high all over the world.

Impact on energy consumption

thermal: decrease up to MJ/t cem electric: | decrease of up kWh/t cem
550 compared to to 15 compared
Portland Cement to Portland
Cement

CO, emission reduction

direct: | decrease of upto | kg CO,/t cem | indirect: | decrease of up | kg CO2/t cem

205 compared to to 8 compared
Portland Cement to Portland
Cement

Material input

calcined clays up to 0.35 t/t cem
(natural calcined pozzolana)
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Technical Readiness

TRL 2022: 9

The main influencing parameters are

Cost estimation

Type, availability, quality and price (incl. logistics) of the raw material (clay)
Treatment and calcination costs
Amount of pozzolana in cement

COg; intensity of clinker production
Transport distances of the raw material

Cost estima- New installation Retrofit
tion Investment" Operational 2 Investment Operational
[Mio €] [€E/t cem] [Mio €] [€/t cem]

2020 20 to 40 decrease up to not available decrease up to
4.2 € compared 4.2 € compared
to Portland to Portland
Cement Cement

2030 20t0 40 decrease up to not available decrease up to
4.5 € compared 4.5 € compared
to Portland to Portland
Cement Cement

2050 20t0 40 decrease up to not available decrease up to
3.6 € compared 3.6 € compared
to Portland to Portland
Cement Cement

) higher costs if additional flue gas cleaning needed
2) materials costs for raw clays equivalent to raw meal

Remarks:

The estimations are based on a content of calcined natural pozzolana in cement of
35 mass-% in comparison to a Portland Cement with 95 mass-% clinker

Capital costs are due to extra storage capacity for the calcined pozzolana and the
cements as well as the technical equipment for handling and drying of the calcined

pozzolana

- Additional costs for fuels and technical equipment for clay calcination; savings possible,
if calcination process-integrated using available plant components

- Depending on the sulfur content of the clay, additional flue gas cleaning will be
necessary; savings possible, if process-integrated calcination is used

- Operational cost savings depend on reduced fuel costs for calcined clay instead of
clinker production, reduced electricity costs for kiln drives and bypass, and decreased
electricity costs for cement grinding. Savings could be less due to transport costs of the
pozzolanic materials
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- For retrofits existing equipment such as rotary kilns can be used in specific cases. Since
this is very plant specific and very much depending on the situation on site no
investment figures were given for retrofit scenarios.

- These costs need to be assessed on the basis of individual plants and cement types

- All other technical and financial assumptions been made are given in Annex | of this
document.

Conditions, barriers, constraints, enabling framework

- Sources, availability (intensive land use), quality (in particular homogeneity) and
(potentially) prices of the raw clay

- Logistics, especially for calcination and handling

- Technical performance of concrete produced with blended cements (e.g. workability,
strength development, durability)

- Standards and regulations

- Market acceptance
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4.37 Technology Paper No. 37: Reduction of clinker content in cement by use of
limestone or other materials

A very simple and efficient method to reduce the clinker content in cement is the use of
limestone as a main constituent. Limestone is usually located at the plant in sufficient
qualities and quantities. Neither burning nor decomposition is necessary for the use of
limestone as a cement main constituent. Therefore, as compared to clinker, limestone
exhibits no CO, emissions from fuel combustion and decarbonation. The grindability of
limestone is much better compared to clinker.

Limestone-containing cements typically show reduced water demand leading to better
workability of concrete. To achieve the same strength as Portland cement, limestone-
containing cements typically have to be ground finer. The proportion of limestone in cement
and the cement content in concrete are decisive for the concrete’s resistance to carbonation,
chloride ingress, freeze-thaw etc. Cement standards therefore limit the limestone content.
The European cement standard EN 197, as an example, limits the proportion of limestone in
cement to 35 mass-%. Notwithstanding, higher amounts of limestone in cement up to

50 mass-% are possible (Technology Paper No. 43). This not only requires sophisticated
process engineering measures in the cement plant, but also concrete technology measures
to lower the water content by appropriate addition levels of admixtures. Special care and
quality measures also have to be provided at the construction site to ensure a good
robustness of these systems under practical conditions.

Silica fume is an industrial by-product originating in the production of silicon and ferrosilicon
alloys. It consists of very fine spherical particles of almost only amorphous silica. Due to its
very high amorphous silica content and fineness, the pozzolanicity but also the water
demand of silica fume are very high. Hence, the Europen cement standard EN 197, as an
example, limits the proportion of silica fume in cement to 10 mass-%. The world-wide
availability of silica fume is limited.

Other pozzolanically reacting materials such as rice husk ash, palm oil ash or cassava peel
ash generally have a limited availability but can be of local relevance. The suitabilty of further
industrial by-products, residues and recyclates that could basically react like pozzolans has
been under research for several years. Recycled concrete fines will play a growing role, e.g.
up to 20 mass-% in cement are suggested in the upcoming part 6 of the European cement
standard EN 197 (Technology Paper No. 45). Until now, the limiting factor of these cement
constitiuents has always been the worldwide availability in sufficient and also consistent
quantity and quality.

Burnt shale, finely ground, shows hydraulic and pozzolanic properties and hence combines
the advantages of clinker and pozzolans for cement’s compressive strength and concrete
durability. However, suitable raw shale is available only in some regions.

Impact on energy consumption

thermal: | decrease of up to MJ/t cem electric: | decrease of upto | kWh/t cem
1006 compared 15 compared to
to Portland Portland cement
cement
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CO- emission reduction

direct:

decrease of up to
251 compared to
Portland cement

kg CO2/t cem

indirect:

decrease of up to
8.3 compared to
Portland cement

kg CO2/t cem

Material input

unburnt limestone

0.3

t/t cem

Technical Readiness

TRL 2022: 9

The main influencing parameters are

- Type, availability, quality and price (incl. logistics) of these cement constituents

- Durability of concrete produced with respective cements

- Impact on electric energy demand and indirect CO2 emission strongly depends on the
properties of the respective materials

- CO:q: intensity of clinker production

- Transport distances of used materials

Cost estimation

Cost estima- New installation Retrofit
tion Investment Operational Investment Operational
[Mio €] [€/t cem] [Mio €] [€/t cem]

2020 not applicable | not applicable 8to12 6 to 8 decrease
compared to
Portland cement

2030 not applicable | not applicable 8to12 6 to 8 decrease
compared to
Portland cement

2050 not applicable | not applicable 8to12 6 to 8 decrease
compared to
Portland cement

Remarks:

- The estimations are based on the reduction of clinker content from 95 mass-% in

reference Portland cement by use of 0.3 t unburnt limestone per t cement to 65 mass-%
in limestone-containing cement (see “key assumptions” in Annex).

Capital costs are due to extra storage capacity for ground limestone and the cements as
well as the technical equipment for handling.

Additional cost that will occur for concrete production have not been included.

Cost estimations are based on the assumption of keeping the limestone-containing
cement fineness the same (maximum decrease in operational cost retrofit) or increasing
the limestone-containing cement fineness (minimum decrease in operational cost
retrofit) to achieve comparable strength as Portland cement.
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- Operational cost savings depend on the purchase costs of the other main constituents,
fuel costs for clinker production, electricity costs for kiln drives and bypass, reduced
handling and mining costs. These costs need to be assessed on the basis of individual
plants and cement types.

- All other technical and financial assumptions been made are given in Annex | of this
document.

Conditions, barriers, constraints, enabling framework

- Sources, availability, quality (in particular homogeneity) and prices of the other main
constituents

- Logistics

- Technical performance of concrete produced with these cements (e.g. workability,
strength development, durability)

- Market acceptance

- Standards and regulations
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4.38 Technology Paper No. 38: Cements with very high limestone content

Clinker-efficient cements have been used for many years very successfully and are increas-
ingly replacing Portland cement. However, in the context of decarbonising the cement and
concrete value chain, the question arises as to how the clinker content in cements can be
further reduced and which materials will be available in the future to replace clinker. For ap-
prox. 30 years limestone has been not only the essential raw material for the production of
Portland cement clinker, but is also used (unburnt) as a main cement constituent. Today, typ-
ically limestone cements contain no more than 15 mass-% limestone (often much less). Par-
ticularly in view of the expected decline in the availability of today's predominantly used ce-
ment constituents, such as granulated blast furnace slag and fly ash (as a result of the DRI
process in the steel industry or the switch to renewable energies), the further necessary re-
duction of the clinker factor in cements is a special challenge.

Against this background, the production and use of clinker-efficient cements with high lime-
stone content will play an increasingly important role in the future. On a European level
CEM Il and CEM VI allow the clinker content to be reduced to 50 mass-% and 35 mass-%
respectively. The limestone content is limited to a maximum of 35 mass-% in CEM II/B or
even only 20 mass-% in CEM 1I/C and CEM VI cements, depending on the cement composi-
tion. Both cement types enable a low CO- footprint and can be used for a very wide range of
applications in practice in terms of concrete performance as well as structural suitability.

In terms of the very good availability of limestone and experience about its influence on ce-
ments, the further increase of the limestone content in cement in combination with concrete
technology adaptations is a very interesting approach for additional CO2 savings. Tests and
first practical experience have shown that it is possible to produce cements with significantly
higher contents of unburnt limestone (for example 35 to 50 mass-%). In order to ensure suit-
able durability properties, the water/cement ratio in the concrete must be significantly low-
ered and superplasticizers must be used to ensure adequate concrete workability. This is not
fundamentally new, as the handling of superplasticisers (high-strength concretes) and the
consistencies to be expected have been researched for a long time and have also been used
for many decades. Rules for application of those cements are currently being developed so
that the first trials in construction practice can begin soon.

Impact on energy consumption

thermal: decrease of up MJ/t cem electric: | decrease of up to kWh/t cem
to 1500 15 compared to
compared to Portland cement
Portland Cement

calculated for a cement with 50 mass-% unburnt limestone

CO, emission reduction

direct: decrease of up | kg CO./t cem | indirect: | decrease of up to | kg CO./t cem
to 375 8.5 compared to
compared to Portland Cement
Portland
Cement

calculated for a cement with 50 mass-% unburnt limestone
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Material input

Unburnt limestone up to 0.5 t/t cem

Technical Readiness

TRL 2022: 5 (e.g. cements with high limestone contents) to 8
applicability for industry at TRL >8 expected about: 2025

The main influencing parameters are

- Change in building traditions

- Increased communication between building clients, architects, planners and construction
industry

- Qualitity requirements at the construction site

Cost estimation

Cost estima- New installation Retrofit

tion Investment Operational Investment Operational
[Mio €] [€/t cem] [Mio €] [€/t cem]

2020 not applicable | not applicable 8to 12 decrease up to

11 € compared to
Portland Cement

2030 not applicable | not applicable 8t012 decrease up to
11 € compared to
Portland Cement

2050 not applicable | not applicable 8to 12 decrease up to
11 € compared to
Portland Cement

Remarks:

- The estimations are based on the reduction of clinker content from 95 mass-% in
reference Portland cement by use of 0.45 t unburnt limestone per t cement to 50 mass-
% in limestone-containing cement (see “key assumptions” in Annex).

- Capital costs are due to extra storage capacity for ground limestone and the cements as
well as the technical equipment for handling.

- Depening on the fineness of the ground clinker the savings in operational costs reduce
to the lower side of the range given.

- Additional cost that will occur for concrete production have not been included.

- All other technical and financial assumptions been made are given in Annex | of this
document.

Conditions, barriers, constraints, enabling framework

- Change in building traditions (for use of cements with clinker content below CEM I1/C)
- Change in standards and regulations
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4.39 Technology Paper No. 39: Impact of very high/very low lime saturation fac-
tor

The lime saturation factor (LSF) of Ordinary Portland Cement (OPC) clinker typically ranges
between 92 and 102. Usual OPCs have LSFs of up to 97. Higher LSFs are generally re-
quired for fast setting OPCs with high early strengths. A change of the LSF by 1 relates to a
change of the absolute CaO content of the clinker by about 0.2 to 0.3 mass-%.

The production of clinker with very high LSFs of more than 100 leads to increased CO; emis-
sions due to the calcination of higher amounts of CaCQOs in the raw meal as well as higher
burning temperatures required for such raw meals. Also, the energy demand in the grinding
process is higher due to denser microstructures of the clinker granules. Additionally, higher
amounts of pure limestone are required to achieve higher LSFs. Finally, LSFs higher than
102 will lead to high amounts of free lime, which does not contribute to the strength develop-
ment of the cement, but may affect its soundness.

Clinker with lower LSFs can be produced with lower limestone content in the raw meal,
thereby reducing the COz-emissions resulting from calcination. Furthermore, raw meals with
lower LSFs require lower burning temperatures due to better burnability. This reduces the
energy demand of the burning process. Additionally, lower LSFs can reduce the required
amounts of valuable pure limestone in the raw meal, depending on the particular local re-
sources.

The main disadvantage of OPCs with low LSFs compared to OPCs with higher LSFs is the
reduced content of alite and the consequential lower early strength at an equal fineness. To
a limited degree the early strength of an OPC can be increased by a higher fineness of the
cement. The amount of electric energy necessary for the additional grinding is hard to pre-
dict, since the change of grindability with decreasing LSF depends on the phase composition
of the clinker as well as on its microstructure. Generally, higher amounts of belite, which is
harder to grind than alite, might decrease the grindability of the clinker. The less dense mi-
crostructure of a clinker burnt at relatively low temperatures might increase its grindability,
but this effect is only relevant for relatively coarse cements, since the additional amount of
energy required to gain a higher fineness increases with the fineness.

Impacts of lower LSFs and higher fineness of clinker on the strength development of ce-
ments with more than one main constituent are unpredictable, since the interactions between
clinker particles and other constituents always depend on both the fineness and chemical
composition of all reactants.

The variation of the LSF can principally be done by every clinker producer from a technologi-
cal point of view. However, the economic implementation depends on the actual availability
of suitable raw materials. If the clinker producer has such materials, the raw meal cost will
not be different from his usual raw meal cost. If he has to buy such materials, the raw meal
cost will increase with the according transport costs.

The following estimations are based on a decrease in clinker LSF by 5 units. Full availability
of suitable raw materials is assumed.

Impact on energy consumption

thermal: decrease of MJ/t cem electric: increase of kWh/t cem
58 to 60 4t012
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CO- emission reduction

direct: decrease of 9 kg CO./t cem | indirect: increase of kg CO2/t cem
2to7
Material input
Raw meal with LSF reduced by 5 units nearly same tit cli
amount (1.54)

Technical Readiness

TRL 2022: 9

The main influencing parameters are

-  Decrease of the CO- releasing component (CaCO3) in the raw meal

- Decrease of the fuel consumption due to lower burning temperatures

Increase of the energy demand for grinding to achieve a higher cement fineness
Lower grindability of low-LSF (belite-rich) clinker

Cost estimation

Cost estima- New installation Retrofit
tion Investment Operational Investment Operational
[Mio €] [€/t cem] [Mio €] [€E/t cem]

2020 not applicable | not applicable not applicable 22t029
increase

2030 not applicable | not applicable not applicable 221029
increase

2050 not applicable | not applicable not applicable 21t0 2.7
increase

Remarks:

- Special investments for new installations or for retrofits are not necessary

- The operational costs depend on the particular local resource situation, the actual
grindability of the clinker and the combination of LSF-reduction and fineness increase,
which will have to be estimated for individual plants.

- All other technical and financial assumptions been made are given in Annex | of this

document.

Conditions, barriers, constraints, enabling framework

- Technical performance of concrete produced with cements with lower LSF (in particular

strength development, water demand)
- Regulation of strength by means of fineness is limited
- Impact on cements with more than one main constituent has to be investigated
- Market acceptance
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4.40 Technology Paper No. 40: Recycled concrete fines as a cement constituent

Against the background of the expected reduction in the availability of granulated blast fur-
nace slag and fly ash and the need to further reduce the proportion of clinker in cement, new
cement constituents, such as calcined clays, but also an increased use of limestone are
coming into focus. In addition, it is necessary to explore further sources of adequate quanti-
ties of materials that are as reactive as possible (pozzolanic or latent-hydraulic) and suitable
as clinker substitutes.

Recycled concrete fines, which are produced during the crushing and processing of concrete
(described in Technology Paper No. 40) are a promising new material source for cement pro-
duction. Ground recycled concrete fines are particularly suitable for use as a cement compo-
nent, but also as a raw meal component for clinker production (Technology Paper No. 20).
Primarily, ground recycled concrete fines can be used as a substitute for limestone in compo-
site cements without further processing.

Via enforced carbonation, remaining Ca(OH). and CSH-phases in the recycled concrete
fines can be carbonated and a pozzolanic reactivity can be generated by the formation of an
amorphous alumosilicate gel (Technology Paper No. 55). Such a material can be used as a
reactive supplementary cementitious material (SCM) in composite cements comparable to fly
ash. It improves, among other things, the strength development of cements, even at early
ages. In addition, carbonation causes microstructure densification (see Technology Paper
60), which can have a positive effect on the water demand of the fines. Depending on the
origin and treatment of the waste concrete, recycled concrete fines can have e.g. higher
chloride or sulphate contents which must be taken into account when using them as a ce-
ment constituent.

There are already some technical approvals for cements with recycled concrete fines to be
used in concrete. A European Standard (prEN 197-6) is currently being prepared which regu-
lates the requirements for cements with recycled concrete fines as a cement constituent. Ac-
cording to this draft, recycled fines from mineral construction waste can be used in Portland-
composite cements up to 20 mass-%. Higher input quantities, especially of pozzolanic recy-
cled concrete fines, are quite feasible if the respective durability aspects of concrete are
adapted accordingly.

The use of (carbonated or uncarbonated) recycled concrete fines as a cement constituent is
a key additional element on the way to the circular economy of cement and concrete,
because these materials can be used in cement as a (possibly pozzolanic) cement
constituent to reduce the clinker factor and to replace primary ressources like e.g. (unburnt)
limestone.

For regions with an average stock of concrete structures, it can be assumed that the usual
demolition quantities of concrete and the resulting quantities of recycled concrete fines
should be high enough to replace the limestone content in composite cements to a large ex-
tent.

Challenges are certainly the large quantities of material to be handled. For one tonne of
recycled concrete fines, about 3 tonnes of crushed concrete have to be processed. Currently,
crushed concrete from constructions is hardly being used for the production of cement and
concrete. Rather, almost all of the processed crushed concrete quantities are used for road
substructures or are mixed with soil material to improve its properties (e.g. for frost protection
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layers). Compared to the existing recycling practice of concrete, new source streams must
be initiated which take into account the complete reuse of the crushed concrete for the
production of new fresh concrete (recycled aggregate), as well as for clinker and cement
production (recycled concrete fines, cement paste). Furthermore, a corresponding infrastruc-
ture for the processing of crushed concrete, an adequate quality assurance and a transport
system for the respective source streams must be established. The technical potential of
these materials is the subject of current research.

Analogous to recycled concrete fines, waste bricks in finely ground form are also suitable as
a cement constituent. Intensive research is also being carried out on this.

The estimations below are based on the reduction of clinker content from 95 mass-% in ref-
erence Portland cement to 75 mass-% using enforced carbonated recycled concrete fines in
composite cements. Further assumptions:

- proportion of cement paste in recycled concrete fines (50 mass-%)

- proportion of cement (Portland cement with 95 mass-% clinker) in cement paste
(w/c =50%)

- CO2 uptake to an amount of 20% of process CO2 from clinker production via natural
carbonation during service life

- remaining carbonation potential used by enforced carbonation

Impact on energy consumption

thermal: | decrease of 670 MJ/t cem electric: increase kWh/t cem
up to 23

CO- emission reduction

direct: decrease of 184 | kg CO2/t cem | indirect: | increase of 13 | kg CO2/t cem

Material input

enforced carbonated recycled concrete fines amount of t/t cem
material 0.2

Technical Readiness

TRL 2022: 6 (enforced carbonation) applicability for industry at TRL >8 expected around:
2030

The main influencing parameters are

- Composition of recycled concrete fines; clinker and cement content, cement type (e.g.
limestone in cement paste reducing the carbonation potential)

- Carbonatisation degree of (CO2 untreated) recycled concrete fines

- Amount of carbonatable cement paste

- Extent of natural carbonation vs. CO2 that can be re-incorporated via enforced
carbonation

- Substitution rate of clinker

- Grindability of recycled concrete fines
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Cost estimation

Cost estima- New installation Retrofit

tion Investment Operational Investment Operational
[Mio €] [€/t cem] [Mio €] [€E/t cem]

2020 not available not available not available 0.3 increase to

2.3 decrease

2030 not available not available not available 0.3 increase to

2.3 decrease

2050 not available not available not available 0.3 increase to

2.3 decrease

Remarks:

see comments above the tables

All other technical and financial assumptions been made are given in Annex | of this

document.

Conditions, barriers, constraints, enabling framework

Currently, crushed concrete from constructions is hardly used for the production of
cement and concrete; Mainly used for road substructures

Processing (separation, crushing, fractionation etc.) of crushed concrete must be
improved in order to obtain recycled concrete fines; Source stream must be established
Long transport distances from demolition site (processing) to CO; treatment and cement
production

Systems for enforced carbonation must be further developed, especially in existing
cement plants for the use of flue gases (higher CO; uptake, lower retention time)
Carbonation potential mainly depends on calcium-containing phases in cements such as
clinker, slag etc.

Corresponding infrastructure for processing of waste concrete, an adequate quality
assurance and transport systems must be established

The estimations below are based on the reduction of clinker content from 95 mass-% in ref-
erence Portland cement to 75 mass-% using recycled concrete fines (not enforced car-
bonated) in composite cements.

Impact on energy consumption

thermal: | decrease of 670 MJ/t cem electric: | increase up to 23 kWh/t cem

CO-, emission reduction

direct: decrease of 170 | kg CO./t cem | indirect: increase of 13 kg CO./t cem

Material input

recycled concrete fines amount of material | 0,2 t/t cem
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Technical Readiness

TRL 2022: 9

The main influencing parameters are

- Substitution rate of clinker
- Grindability of recycled concrete fines

Cost estimation

Cost estima- New installation Retrofit
tion Investment Operational Investment Operational
[Mio €] [€/t cem] [Mio €] [€/t cem]

2020 not available not available not available 0.3 increase to
3.0 decrease

2030 not available not available not available 0.3 increase to
3.0 decrease

2050 not available not available not available 0.3 increase to
3.0 decrease

Remarks:

- see comments above the tables

- All other technical and financial assumptions been made are given in Annex | of this

document.

Conditions, barriers, constraints, enabling framework

- Currently, crushed waste concrete from constructions is hardly used for the production of
cement and concrete; Mainly used for road substructures

- Processing (separation, crushing, fractionation, etc.) of waste concrete must be
improved in order to obtain recycled concrete fines; source stream must be established

- Long transport distances from demolition site to cement production

- Corresponding infrastructure for processing of waste concrete, an adequate quality
assurance and transport systems must be established
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4.41 Technology Paper No. 41: Reduction of clinker content in cement by use of
fly ash

The production of cements containing fly ashes leads to a reduced clinker content of the ce-
ment. CO; emissions from fuel combustion and from decarbonation of limestone during
clinker production can therefore be partially saved.

Fly ash is obtained by the electrostatic or mechanical precipitation of dust-like particles from
the flue gases of furnaces fired with pulverised coal. Fly ash may be siliceous or calcareous
in nature. The former is a fine powder of mostly spherical particles which have pozzolanic
properties; the latter may have, in addition, hydraulic properties. Siliceous fly ash consists es-
sentially of reactive silicon dioxide (SiO2), aluminium oxide (Al-O3) and calcareous fly ash of
reactive calcium oxide (CaO), reactive silicon dioxide (SiO2) and aluminium oxide (Al2O3). In
particular calcareous fly ashes may have critical sulfate (SO3) and/or free lime contents. Fur-
thermore, many fly ashes contain higher amounts of unburned carbon or other unwanted
components, affecting their suitability for cement and concrete.

The use of fly ash as a cement constituent requires electricity for grinding or blending. Fly
ash can also be added directly, e. g. into the classifier. On average this leads to a decrease
of electricity consumption for the cement grinding process. The thermal energy demand of
the cement production decreases almost linearly with an increase in the fly ash content.

The use of siliceous fly ash as a cement constituent can lead to improved workability, higher
long-term strength and higher concrete density. The short-term strength of cements with fly
ash as a main constituent may be diminished significantly. The fly ash content in technically
used cements is usually limited to around 25 to 35 mass-%. Fly ashes are used in significant
amounts in concrete in some countries (USA, China, Germany), replacing cement and
thereby lowering the specific CO- footprint of concrete. The processing procedures applied
for the production of fly ash cements in cement plants usually contribute to a somewhat
higher exploitation of the fly ash performance.

The possibility to use fly ash as a constituent of cement depends strongly on the availability
of fly ash. Currently about 600 Mt/a of fly ash are produced worldwide. With respect to decar-
bonisation, the future number and capacity of coal fired power plants is hard to predict.
Based on the predictions of energy production from coal in the IEA roadmap for the global
energy sector, around 300 Mt/a of fly ash can be expected for 2030 and less than 100 Mt/a
for 2050.

The ratios of fly ash utilisation in cement and concrete differ strongly in different countries or
regions (China ~45%, India ~38%, USA ~65%, up to 100 % in several EU countries).

The following estimations are based on fly ash contents in cement of 35 mass-% in compari-
son to Portland Cement (95% clinker).

Impact on energy consumption

thermal: | decrease of up to MJ/t cem | electric: | decrease of up to 8 | kWh/t cem
1000 compared to compared to
Portland Cement Portland Cement
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CO- emission reduction

direct:

decrease of up to
250 compared to
Portland Cement

kg CO2/t cem

indirect:

decrease of up to
4 compared to
Portland Cement

kg CO2/t cem

Material input

coal fly ash

up to 0.35

t/t cem

Technical Readiness

TRL 2022: 9

The main influencing parameters are

- Availability (depends mainly on coal combustion for production of electricity and on use
of fly ash in concrete or geopolymers)

- Quality and price (incl. logistics) of the fly ashes

- Amount of fly ash in cement
- Durability of concrete produced with fly ash-containing cements

Cost estimation

Cost estima- New installation Retrofit
tion Investment Operational Investment Operational
[Mio €] [€/t cem] [Mio €] [€/t cem]

2020 8-12 up to 2.5 not applicable up to 2.5
decrease decrease
compared to compared to
Portland Portland
Cement Cement

2030 8-12 up to 2.5 not applicable up to 2.5
decrease decrease
compared to compared to
Portland Portland
Cement Cement

2050 8-12 up to 2.5 not applicable up to 2.5
decrease decrease
compared to compared to
Portland Portland
Cement Cement

Remarks:

- Capital costs are due to extra storage capacity for the fly ashes and the cements as well

as the technical equipment for handling (grinding, separating, drying etc)

- Operational cost savings depend on the purchase costs of the fly ashes, reduced fuel
costs for clinker production, reduced electricity costs for kiln drives and bypass,
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increased electricity costs for raw material and cement grinding, and reduced handling
and mining costs

- Grinding the clinker to higher fineness reduces the given savings in operational costs

- These costs need to be assessed on the basis of individual plants and cement types

- All other technical and financial assumptions been made are given in Annex | of this
document.

Conditions, barriers, constraints, enabling framework

- Sources, availability, quality (in particular homogeneity) and prices of the fly ashes

- Logistics

- Technical performance of concrete produced with fly ash cements (e.g. workability,
strength development, durability)

- Standards and regulations

- The utilisation of fly ash in cement or in concrete: the effects on the specific CO; footprint
of concrete is in the same order of magnitude for both applications
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4.42 Technology Paper No. 42: Reduction of CO; by efficient use of concrete

An increased use of clinker-efficient cements in concrete production can save considerable
amounts of CO; (see Technology Papers No. 34 to 38, 40, 41, 43 to 47 and State-of-the-art
Paper No. 4). In addition, CO, and primary resources can be saved by optimising the con-
crete composition including the grading curves of the aggregates. This goes along with a
more differentiated use of concrete according to its actual exposure which requires the con-
cretes to be tailored to the respective application instead of being used as "general purpose
concretes”. For example, different concrete formulations can be used in buildings for interior
walls as compared to ceilings or columns. Tailoring such concrete formulations to its specific
use will assure the required concrete performance at the lowest possible CO; emissions and
minimal use of primary raw materials.

While these measures focus on the concrete composition and its performance as such the
efficient use of concrete by respective design and construction is an additional and important
pathway to save CO, and resources. From today's point of view, the following examples are
of particular importance:

Prestressed flat or hollow slabs allow to optimise the use of concrete and reinforcement. Pre-
fabricated, prestressed concrete slabs require up to 50 % less concrete and up to 75 % less
steel compared to other comparable concrete slab systems with similar technical perfor-
mance.

Carbon concrete takes advantage of textile and carbon fibres instead of steel as reinforce-
ment material. This increases durability and prolongs the service life of elements and struc-
tures, thus saving resources and CO; emissions. For structures of equal performance, sav-
ings of concrete of up to 50% and CO: of up to 30% are reported. A broad application of this
type of reinforcement will require the carbon fibres to be less expensive, also its recyclability
needs to be further investigated.

Additive manufacturing, often called "3D printing" can help to optimise load-bearing struc-
tures with respect to material intensity as well as construction times. At present, there are not
enough reliable date and experiences to assess the potentials with regard to resource effi-
ciency and climate protection in detail.

In gradient concrete, the concrete composition is varied over the cross-section of a concrete
element. Load-bearing areas are produced with higher density than areas that are intended
to meet more thermal requirements such as e.g. insulation. In a similar way, infra-light con-
cretes enable external wall constructions without additional thermal insulation due to their po-
rous aggregate and a correspondingly high air content.

High-strength and ultra-high-strength concretes often contain many fines and usually have a
higher density of the concrete microstructure as compared to normal concretes. High
strength concretes allow concrete elements to be built with smaller cross-sections and thus
reduced material consumption with the same load-bearing capacity compared to normal con-
crete. This goes along with a respective higher resource efficiency and generally lower CO»
emissions per structural unit.

With the technologies mentioned here, higher material efficiencies and thus savings in re-
sources, energy and CO»-emissions can be achieved in certain areas of application. The ex-
tent of these effects can only be estimated in detail in real cases with corresponding design
and construction parameters.
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While the concrete technology and design requirements for the use of such resource-saving
components has been tested in pilot projects the application on a broader scale will be possi-
ble but still has to be further developed.

Impact on energy consumption

thermal: negligible MJ/t cem electric: negligible kWh/t cem
CO2 emission reduction
direct: not applicable " kg CO./t cem | indirect: | not applicable | kg CO./t cem

) the savings are based on approx. 10 % savings of cement volumes in concrete and approx. 20 % in design and
construction respectively. CO2 savings per tonne of cement is not the right figure in this context.

Material input

common concrete raw materials amount of material

carbon reinforcement for carbon concrete

Technical Readiness

TRL 2022: 4 (e.g. gradient concrete) to 9 (e.g. prestressed flat or hollow slabs)
applicability for industry at TRL >8 expected about: 2030 to 2050

The main influencing parameters are

- Change in building traditions

- Increased communication between building clients, architects, planners and construction
indutry

- Increased prefabrication level

- Availability and price of carbon reinforcement

- Increase of digitalisation level, e.g. for 3D printing

Cost estimation

Cost estima- New installation Retrofit

tion Investment Operational Investment Operational
[Mio €] [€/t cem] [Mio €] [€/t cem]

2020 not applicable not applicable | not applicable not applicable

2030 not applicable not applicable | not applicable not applicable

2050 not applicable not applicable | not applicable not applicable

Conditions, barriers, constraints, enabling framework

- Change in building traditions

- Change in standards and regulations as well as buiding codes
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443 Technology Paper No. 43: Alkali-activated binders

Alkali-activated binders are mostly two-component binders consisting of a reactive solid
component and an alkaline activator. During the reaction in alkaline media a three-
dimensional inorganic alumosilicate polymer network is built, which is responsible for the
relatively high strength of the hardened product. The term “Geopolymer” for such systems
was first used by Davidovits in the 1970s to accentuate the relationship to geological
materials. Nowadays the term is used for low calcium activated binders, e.g. based on
metakaoline.

For a geopolymeric polycondensation, suitable materials are alumosilicates which can be of
natural (metakaolin, natural pozzolana) or industrial origin (fly ashes, granulated blast
furnace slags - GBFS). The availability of these materials is limited and as a consequence,
even if technical barriers might be overcome, alkali-activated binders will only be able to be
produced regionally in limited quantities for niche products. Chemically, such binders can be
divided into two groups depending on their composition: Materials containing mainly Al and
Si (e.g. metakaolin) and materials containing mainly Ca and Si (e.g. blast furnace slag).
Variations in composition and moisture of the reactive solid component as well as the
temperature can cause significant variations in quality such as strength development or
durability of the binder. In particular the sensitivity to dilution with water makes polymerisation
difficult to use in ordinary concrete applications, especially since concrete aggregates are
often wet to different extents. The inherently low content of bound water in fully-reacted
alkali-activated binders generates excellent fire resistance and relatively low drying
shrinkage.

Until now, alkali-activated binders have been produced mostly for demonstration purposes
and have only been used in non-structural applications such as paving, tubes, pavers, or
refractories. Techniques for the mass production of alkali-activated binders have been
suggested, and a first industrial plant has been built in Australia.

An up to “90%” CO- emission reduction compared to Portland cement is postulated.
However, this does not take into account emissions due to the production of the activators
(e.g. sodium silicate). In comparisons between Portland cement concrete and geopolymer
concretes with an equal performance, geopolymer concretes are mostly more expensive and
exhibit mostly a significantly higher resource depletion potential, a higher cumulative energy
demand. The global warming potential can even exceed that of Portland cement concrete.
Based on today’s knowledge, the environmental benefit of materials like GBFS or fly ash
seems to be higher when used as a clinker substitute in blended cements than the use of
alkali-activated binders.

Impact on energy consumption

thermal: electric:

reduction potential depends strongly reduction potential depends strongly on
on energy demand for activator production energy demand for activator production
MJ/t cem kWh/t cem
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CO- emission reduction

indirect:

reduction potential depends strongly on
CO; emission from activator production
kg CO2/t cem

direct:

reduction potential depends strongly on CO,
emission from activator production

kg CO2/t cem

Material input

pozzolanic or latent hydraulic materials (e.g. fly ash, not applicable t/t cem
ground granulated blast furnace slag)

alkalis (e.g. sodium silicates, sodium hydroxide)

The main influencing parameters are

- Availability and/or production and type of the reactive starting materials
- Production of the alkaline activators

Cost estimation

Cost estima- New installation Retrofit
tion Investment Operational Investment Operational
[Mio €] [€/t cem] [Mio €] [€/t cem]
2015 not applicable not applicable | not applicable not applicable
2030 not applicable not applicable | not applicable not applicable
2050 not applicable not applicable | not applicable not applicable
Remarks:

- Currently no real cost figures are available. These will strongly depend on the availability
and processing of starting materials, costs for alkaline activators and the development of
applications of alkali-activated systems.

Conditions, barriers, constraints, enabling framework

- Properties of alkali-activated binders strongly depend on the starting material properties,
so quality control will be an overriding problem in practice

- The durability of the concrete has yet to be demonstrated

- No valid test methods available

- Availability of all components, like fly ash and slag depends on the future of coal-fired
power plants and iron production

- Operational safety during working with highly alkaline conditions

- Production quantities and costs for the alkaline activator (e.g. sodium silicate)
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444 Technology Paper No. 44: Cements based on carbonates or on carbonation
of calciumsilicates

One of the most globally abundant raw materials for the manufacture of hydraulic binders is
limestone (calcium carbonate). Aluminates in cement react with calcium carbonate to calcium
carboaluminate hydrates classified as AFm phases. In Portland cement clinker-based
cements less than 10% calcium carbonate can react in this way.

The carbonation mechanisms of e.g. calcium hydroxide and calcium silicates in concrete are
well known from the perspective of protection against reinforcement corrosion. However, the
carbonation of Ca-/Mg-silicates(hydrates) can also be considered as a possible CO-
sequestration process, whereby the carbonation of Ca-silicates (e.g. wollastonite,

CaO x SiO,) proceeds much more rapidly. The mechanisms of aqueous wollastonite
carbonation have been observed to occur via two steps: (1) Ca leaching from the CaSiO3;
matrix and (2) CaCOs nucleation and growth. During the carbonation process the
compressive strength rises as a function of time and CO>—pressure (degree of reaction).
Mortar strengths of up to 100 MPa are possible.

First industrial trials to produce low-lime cements composed of wollastonite / pseudo-
wollastonite (CaO x SiO2) and rankinite (3 CaO x 2 SiO;) in rotary kilns at about 1200 °C
have been conducted. During the production of such low-lime cement (e.g. Solidia Cement)
up to 30% less CO, emissions in comparison to Portland cement are postulated. This non-
hydraulic cement is used for Solidia Concrete, which is composed of the same concrete raw
materials and can be processed as ordinary Portland cement concrete. In contrast to
strength development via hydration in common concretes, the setting and hardening
characteristics of Solidia Cement are mainly derived from an exothermic reaction between
CO; and the calcium silicates during COzcuring. During carbonation calcium carbonate and
amorphous silica (SiO-) are formed. The processes require a CO--rich atmosphere and can
be conducted at ambient gas pressures and at moderate temperatures (20 to 60°C).
Therefore, this technology is rather suitable for precast applications. During the curing
process up to 200 to 300 kg of CO; per tonne of cement can be bound. The process can be
stopped reaching the desired strength — typically within 24 h. It is stated that the concrete
products provide at least the same properties including strength, abrasion resistance and
durability as traditional concretes. It is claimed that this technology reduces the overall
carbon footprint associated with the manufacture and use of cement by up to 70% in
comparison to Portland cement.

Impact on energy consumption

thermal: not available MJ/t cem electric: not available kWh/t cem

CO, emission reduction

direct: not available kg CO./t cem indirect: decrease of 200 to 300 kg CO./t cem

Material input

low calcium raw meal (limestone, quartz) | 1,38 t/t cli
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The main influencing parameters are:

- Reuse/reconditioning/storage of CO2 from clinker production

- Relative increase of use of pre-fabricated concrete products, further proof of durability

- Handling of CO during manufacturing (safety at work)

- Development of corrosion-resistant reinforcements could enable use for reinforced
concrete elements

Cost estimation

Cost estima- New installation Retrofit
tion Investment Operational Investment Operational
[Mio €] [€/t cem] [Mio €] [€/t cem]
2015 not available not available not available not available
2030 not available not available not available not available
2050 not available not available not available not available
Remarks:

- Existing equipment for cement and concrete manufacturing can be used. Set-up of CO>—
curing systems (supply, storage, safety issues, curing chambers etc.) in precast element
plants necessary.

Conditions, barriers, constraints, enabling framework

- Set-up of CO2—curing systems (supply, storage, safety issues, curing chambers etc.) in
precast element plants necessary

- Reuse/reconditioning/storage of CO;

- Extended use of pre-fabricated elements/constructions
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4.45 Technology Paper No. 45: Other low carbonate clinkers: Pre-hydrated cal-
cium silicates

Calciumhydrosilicates (CHS) can be synthesized from quartz and CaO with comparative
ease by a hydrothermal process as for calcium silicate production. During subsequent heat-
ing (e.g. hillebrandite, C2SH, heated to 500 °C) very fine and hydraulic reactive 3-C2S is
formed. Furthermore, it has been found that during the heating of C2SH, a continuous, two-
stage decomposition process occurs at 390 to 490 °C during which an intermediate phase is
formed. This intermediate phase exhibits extremely high hydration activity.

A new approach is the activation of an autoclaved non-hydraulic CHS-precursors such as
a-C2SH phase by grinding in a stirred media mill to calcium-hydrosilicates (hCHS) with hy-
draulic properties. These properties result more or less from the breakdown of hydrogen
bonds during grinding. The hCHS-phases can hydrate with water to calcium-silicate-hydrates
(C-S-H), which contribute to strength development. The manufacture of the so called “Celi-
tement” follows three steps: (1) the calcination of limestone (CaO); (2) reaction of lime, silica
and water in an autoclave at about 200 °C at 12 bar to produce non-hydraulic CHS, e.g.
a-C,2SH, and (3) drying and activation grinding of CHS to produce hydraulic hCHS.

There is still a large potential for optimisation, as the principles of activation grinding are very
different from the experience with “simple” comminution, e.g. ball mills or vertical mills. Such
binders are based on the same and very abundant raw materials as are also needed for tra-
ditional cement production. Celitement does not represent a single binder, but rather an en-
tire family of mineral binders based on calcium hydrosilicates with a wide range of composi-
tion.

The binder is reported to be compatible with conventional cements and ordinary admixtures.
As the binder is already pre-hydrated, the water it already contains must be considered in ad-
justing the w/c ratio. The hydration characteristics, the strength development and the final
strength vary in the same range as conventional cements (cement standard strength up to
80 MPa). During hydration a matrix with very low permeability (without (CaOH).) is formed
very early, which is seen to be advantageous for high durability applications.

A COg saving potential between 30 and 50% compared to average Portland cement clinker
is reported. Compared to average global cement composition (clinker-to-cement factor of

ca. 72) the saving potential might be correspondingly lower. Currently no real cost figures are
available for such a procedure. A first industrial plant with a capacity of 50,000 t/a is planned
for 2024/2025.

Impact on energy consumption

thermal: not available MJ/t cem electric: not available kWh/t cem

CO, emission reduction

direct: not available kg CO./t cem indirect: not available kg CO./t cem

Material input

limestone, quartz amount of material not available t/t cem
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The main influencing parameters are

- Decrease of CO2 emissions by using a precursor material with low Ca/Si ratios and
crystalline or non-crystalline silicate as the core material

- Development of measurement techniques for production and quality control

- Use of such binders in combination with classical cements — use in cementitous
preparations

Cost estimation

Cost estima- New installation Retrofit
tion Investment Operational Investment Operational
[Mio €] [€/t cem] [Mio €] [€/t cem]
2015 not available not available not available not available
2030 not available not available not available not available
2050 not available not available not available not available
Remarks:

- Cost estimation is not possible as the technology is still at R&D level

Conditions, barriers, constraints, enabling framework

- Additional autoclave batch process, optimisation of autoclave process

- New technologies necessary for coating and activation process by inter-grinding must be
optimised and up-scaled

- Lower buffer capacity due to low Ca(OH). content of the matrix can affect corrosion
inhibition of reinforcement, but as the matrix provides a very low permeability it can
physically contribute to a corrosion protection
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4.46 Technology Paper No. 46: Other low carbonate cements - Belite cements

Ordinary Portland cement (OPC) clinker is produced with an LSF (lime saturation factor)
between 90 and 102 and typically contains 40 to 80 mass-% alite (C3S=CasSiOs). In contrast,
so-called belite clinker can be burnt like OPC clinker but with lower amounts of calcium (LSF
down to 78 to 85) and at lower temperatures of around 1350 °C. Belite clinker contains no or
only small amounts of alite, but up to 90 mass-% belite (C2S=CaSiO.). Considering
greenhouse gas emissions, about 40 kg CO2/t clinker can be saved due to the reduction of
limestone demand. Since there is no alite formation required, burning temperatures just
above the initial melt formation of about 1350 °C are sufficient. In principle, fuel energy and
CO2 emissions can be saved due to the reduction of limestone content in the raw material
and the reduced burning temperature. Energy savings due to the reduced burning
temperatures in the magnitude of 10% of the total heat demand are reported, but very rapid
cooling, which is technically necessary, is an economic problem. This is because the heat of
the clinker cannot be recuperated with currently known equipment and the related amount of
energy is lost. One further drawback is the high hardness of belite requiring extra energy for
grinding.

In principle, it is also possible to produce belite clinkers by sol-gel or hydrothermal processes
at low temperatures between 600 and 900°C. The resulting belite is highly reactive, but these
methods have only been developed on lab-scale and are not yet suitable for mass
production.

The most important challenge of industrial belite clinkers is the poor hydraulic reactivity of be-
lite compared to alite, leading to a decelerated strength development that is considered
unsatisfactory by most customers. The hydraulic hardening can be improved by the addition
of Portland cement. Furthermore, the stabilisation of belite and an increase of its hydraulic
reactivity can be achieved by thermal treatment (rapid cooling rate) and by incorporating
foreign elements (such as K, Na, S, B, Fe, Cr and Ba). Increased alkali contents are a severe
disadvantage in concrete technology.

For the hydration of belite less water is needed in comparison to alite. Thus, as compared to
Portland cement, the water/cement ratios in belite cements is lower and the pore structure of
hardened concrete can be remarkably denser, leading to a high long term strength and
durability. The moderate development of hydration heat makes belite cement suitable
particularly for massive concrete structures.

Impact on energy consumption

thermal: decrease of 299 to 365 compared to | electric: increase of 20 to 40 kWh/t cli
Portland Cement clinker MJ/t cli compared to Portland Cement clinker

CO, emission reduction

direct: decrease of 48 to 54 kg CO./t cem indirect: increase of 10 to 16 kg CO./t cem
compared to Portland Cement compared to Portland Cement

Material input

as for conventional Portland cement nearly same amount (1.51) t/t cli
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Technical Readiness

TRL 2022: 9

The main influencing parameters are

- Decrease of the CO; releasing component (CaCOs) in the raw meal
- Decrease of the fuel consumption due to lower burning temperatures
- Cooler efficiency

- Energy demand for grinding to achieve a higher cement fineness

- Grindability of belite-rich clinker

- CO: intensity of fuel use

- CO: intensity of electricity consumption

Cost estimation

Cost estima- New installation Retrofit
tion Investment Operational Investment Operational
[Mio €] [€/t cem] [Mio €] [€/t cem]
2020 similar to not applicable not applicable increase
standard 251t03.6
cement plants compared to
Portland Cement
2030 similar to not applicable not applicable increase
standard 2.7t03.3
cement plants compared to
Portland Cement
2050 similar to not applicable not applicable increase
standard 23t02.8
cement plants compared to
Portland Cement
Remarks:

- For the improvement of the early strength of belite cements installations for clinker

quenching may be necessary

- Capital costs can result from extra storage capacity for other raw materials or
mineralisers, where required, as well as the technical equipment for the handling and
drying of these materials

- The operational costs depend on reduced fuel costs for clinker production, reduced
handling and mining costs, the possibility to use alternative raw materials, and possibly
increased electricity costs for the grinding of alternative raw material and cement of
higher fineness

- The costs for the industrial production of belite clinkers by sol-gel or hydrothermal
processes cannot be estimated today because these technologies are still at laboratory-

scale

- All other technical and financial assumptions been made are given in Annex | of this

document.
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Conditions, barriers, constraints, enabling framework

- Poor early strength development of belite cements

- Market acceptance

- Rapid cooling of belite clinker eliminates efficient heat recuperation
- High alkali contents of the clinker
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4.47 Technology Paper No. 47: Other low carbonate clinkers: (Belite) calcium
sulfoaluminate clinker

Calcium sulfoaluminate cements mainly contain the phases ye’elimite or tetracalcium
trialuminate sulfate (C4As$), belite (C2S) and gypsum as well as other phases such as C4AF,
mayenite C12A7, C3A and CeAF2. According to the amount of added gypsum, a series of
cements ranging from rapid-hardening to expansive can be produced. When CSA cement
hydrates, mainly ettringite is formed.

Many types of calcium sulfoaluminate-based cements (CSA) have been developed,
especially in China, since the 1970s. Initially they were intended for the manufacturing of
self-stress concrete pipes due to their swelling properties. The overall annual CSA cement
production is estimated to be around 2 Mio. t with the vast majority being produced and used
in China.

Some approaches being investigated by cement manufactures aim to combine the
advantages of belite cements (see Technology paper 41) and calcium sulfoaluminate
cements. Such intermediate clinkers (BCSA - belite calcium sulfoaluminate clinker) can
contain belite, calcium sulfoaluminate (ye'elimite, C4As$), calcium aluminoferrites (C4AF,
C4F), ternesite (CsS2$) as principal phases and also include certain combinations of minor
elements in order to stabilise the belite in the more reactive o’ form. During hydration
ettringite and aluminium hydroxide (AHs) (early strength) as well as CASH-phases (later
strength) and monophases are formed.

With BCSA clinker cements with similar performance to Portland cements (OPCs) can be
produced in conventional Portland cement plants at 150 to 200 °C lower sintering
temperatures and with 20 to 30% less CO; emissions than equivalent OPCs. BCSA clinkers
are more friable and therefore easier to grind, 30 up to 50% less grinding energy compared
to OPC is required. For the stabilisation of ternesite a longer pre-cooling period of the clinker
is required.

Strength development and concrete durability depend on the composition of BCSA cements.
Concretes usually show a high sulfate resistance but often less carbonation and chloride
migration resistance. Such cements are commercially available. Their application is usually
regulated by technical approvals and often limited, e.g. mostly for non-structural concrete
elements.

The amounts of bauxite and sulfate needed as raw materials limit the production of BCSA
cements to sites where these materials are available at economically viable costs. Other
cements like the so-called Porsal cement are also produced with reduced lime contents, but
with higher contents of alumina up to 15 mass-% and minor amounts of SOs. Porsal cement
is also a kind of BCSA cement burned with CaF; as mineraliser.

A procedural disadvantage of all sulphoaluminate cements is the increased tendency to the
formation of build-ups during the burning process due to the limited stability of calcium
aluminate sulfate phases and internal recirculating sulfate systems in the kiln.

Impact on energy consumption

thermal: not available MJ/t cli electric: not available kWh/t cli
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CO- emission reduction

direct: not available kg CO./t cli indirect: not available kg CO/t cli

Material input

limestone, bauxite, sulfates, quartz amount not available,
individual compositions t/t cli

The main influencing parameters are

Availability of alumina and sulfate sources at viable costs

Low alkalinity could affect corrosion protection of reinforcement
Proof of concrete durability

- Cement composition can be varied in wide range

Cost estimation

Cost estima- New installation Retrofit
tion Investment Operational Investment Operational
[Mio €] [€/t cem] [Mio €] [€/t cem]
2015 not available not available not available not available
2030 not available not available not available not available
2050 not available not available not available not available
Remarks:

- The variety of individual compositions and characteristics of the production process and
products do not allow for a consistent quantitative assessement.

Conditions, barriers, constraints, enabling framework

- Limited availability of alumina and sulfate sources

- Economically viable costs for the raw materials

- Lack of experience regarding construction concretes
- Lack of standards and regulations

- Market acceptance
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4.48 Technology Paper No. 48: Carbon capture technologies
4.48.1 Introduction

Carbon capture technologies are inevitable to achieve net zero CO; emissions in the cement
sector by 2050. Various technologies can fulfil the task of separating and purifying CO- from
flue gases of the cement industry. However, the capture technologies differ in the type of pro-
cess, level of integration, technical maturity, capture efficiency, energy demand and costs

The decision-making process for an adequate capture technology is complex due to the sig-
nificant number of site-specific boundary conditions to be evaluated, such as:

- Onsite infrastructure (e.g. power infrastructure)
- Cement plant process technology and condition
- Power and fuel costs

- Availability of excess heat

- Availability of materials

- Space requirements

- Time horizon for project development

- Envisaged amount of captured CO-

- Access to steam, oxygen, electricity

Most important from a cement producer’s point of view is the applicability of a capture tech-
nology, its maturity (TRL), the investment needed and the cost to operate.

4.48.2 Methodology and assumptions

The techno-economic assessment as well as the evaluation of the CO, reduction potential is
based on main assumptions valid for each of the capture technologies, as listed below.

Technical assumptions:

- COg is transport ready (compressed/purified) and of the same purity level to allow for
comparison of all capture technologies.

- Additional thermal input for integrated technologies is supplied by using the existing fuel
mix for the clinker burning process. Desorption processes for post-combustion
technologies like amine scrubbing and TSA require steam, which is most likely produced
by natural gas boilers.

- The capture rate depends on the technology used. The maximum capture rate from
technical or economic persepctive is assumed.

- All other technical assumptions (such as carbon intensity of the grid and the fuel mix)
made are given in Annex | of this document.

- Definition of the Technology Readiness Level (TRL) is given in Annex IV of this
document.

Assumptions for cost estimation:

- All investment figures and operational costs refer to 2020 as the referece year. Since
inflation is difficult to forcast and since it can be very different from region to region, no
inflation has been taken into account. As the projects will be completed many years in
the future the shown costs and investment figures are mainly to be used as a
comparison between the different technologies.
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- Production capacity 6,000 t/d, which is expected to be the dominant kiln size in 2050 on
a global scale.

- The investment figures given anticipate learning curves for the different capture
technologies. They take into account that — depending on the capture technology and its
TRL - the first of a kind projects might require higher efforts than those been built after
certain experience has been gained. In essence, a learning curve of 1% per year is
assumed for the time period 2020 to 2030 for those capture technologies of TRL <8. For
higher maturity levels it is not expected that CAPEX costs will drastically decrease after
the first industrial applications.

- The figures provided for energy demand, CO, emissions, operational costs and capital
expenditures are given in comparison to a reference cement plant if not stated
otherwise. Thus, the investment figures and the operational costs are given as the
difference to the reference plant (“switch cost”): Therefore, operational costs basically
comprise variable OPEX (energy and consumables), and CAPEX is for the capture plant
only (i.e. in the case of steam generation for amine scrubbing CAPEX is not included;
but operational costs for steam import).

- Inthe case of integrated technologies such as oxyfuel and integrated carbonate looping
only the investment for capture related equipment is included into the CAPEX (i.e. the
investment for a conventional kiln line is subtracted from the total investment for the
integrated capture unit). This approach has been chosen to allow a direct comparison
between the different technologies.

- Retrofitting costs for integrated technologies are higher than for new installations due to
more compromises which are required with regard to design and technology
implementation. Modernised kiln plants are expected to be upgraded to oxyfuel plants in
2030/2050, which will lead to lower retrofitting costs.

- All other financial assumptions (such as fuel and power costs) made are given in Annex |
of this document.

- Costs for required emission abatement technologies (for e.g. DeSOx, DeNOx) are
included depending on the capture technology.

- Cost estimations do not include the costs of decarbonised fuels or carbon neutral
electricity.

Scope of cost estimation - uncertainties in investment figures:

The investment costs were estimated for the core equipment of the capture plant. Peripheral
units are necessary for capture projects which were not included in the investment costs
given in order to allow the comparison of the different technologies. Examples for such site-
specific investments are:

- Onsite intermediate storage of CO. or other consumables
- Upgrade of power supply

- Demolishing old equipment

- Water treatment

- CO:2 logistics, transport or storage

- Steam generation

- Provision of required space

Because these site-specific conditions can vary significantly, the given investment volumes
(CAPEX) are also subject to a corresponding bandwidth depending on those many plant-
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specific factors and circumstances. Furthermore, the location of construction and the technol-
ogy readiness level (TRL) will influence the estimated costs and its uncertainty. Accordingly,
an extended uncertainty of investment figures can be assessed in a range of up to +100%.
Further contingencies have not been taken into account.

The following Figure 1 gives a first overview of the additional operational costs for the differ-
ent capture technologies, their capture rate and their TRL. Detailed information is given in the
text which follows.

Figure 1 Comparison of additional production costs, capture rate and TRL of different capture
technologies
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* Relative additional production costs, amine scrubbing = 100
** All assumptions been made are given in detail in the text below

4.48.3 Technology description

Carbon capture technologies aim at the separation of CO, from cement flue gases and their
purification to >95 vol.%. In general, the technologies can be grouped into post-combustion
(absorption, adsorption, cryogenic and mineralisation processes) and integrated technologies
(oxyfuel, integrated Ca-Looping and indirect calcination technology).

Oxyfuel technology

Oxyfuel technology relies on the use of oxygen for combustion instead of ambient air. Due to
the removal of nitrogen, the combustion atmosphere in the kiln is dominated by O, and
CO2.The amount of oxygen needed requires either an air separation unit (ASU) close to the
plant or an oxygen pipeline supply, both state-of-the-art. Replacing conventional ambient air
as combustion air by oxygen will result in CO» concentrations in the exhaust gas of up to
above 80-90 vol.% which allows good CO; processing in a capture process. In some im-
portant aspects the oxyfuel process is different from conventional operation. In particular this
applies to its energy balance, as well as the ratio between the enthalpy flow of the kiln gas
and the energy needed for the chemical/mineralogical reactions of the kiln feed.

Apart from the temperature profile optimal for clinker phase formation, the optimum oxygen
level significantly depends on the design of the kiln plant and therefore the implementation
option: retrofit or new installation. Oxyfuel technology can be implemented by recirculating
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part of the flue gases, which does not require any adaptation of plant geometry and allows a
relatively easy switch between conventional air and oxyfuel mode.

Oxyfuel technology without flue gas recirculation is referred to as “Pure Oxyfuel”, which oper-
ates with lower gas volumes in the kiln system and consequently smaller plant diameters as
compared to conventional kilns of similar capacity. Pure Oxyfuel is basically only applicable
in new installations. It is expected to result in a higher CO2 concentration in the flue gas as
compared to oxyfuel with flue gas recirculation. Both technologies require the cooler to be re-
designed with regard to the supply of cooling gas streams of different composition, covering
the challenge of separating them from each other in order to avoid false air intake or CO>
losses.

For carbon capture the flue gas stream is treated in a CO- purification system and a com-
pression facility, resulting in CO, which meets the requirements with respect to purity and
physical condition for subsequent transport, storage or utilisation. Besides the air separation,
the purification step is responsible for a significant increase of electrical energy demand as
compared to conventional operation. The achievable CO, concentration in the discharged
flue gas as a major influencing factor strongly depends on the level of false air leaking into
the system. False air could however be reduced to a tolerable level by improved mainte-
nance of state-of-the-art sealings, which is still the most challenging issue for the application
of oxyfuel processes.

Both options of oxyfuel technology allow CO, capture rates of 90 to 95% to be achieved. A
partial approach includes only oxyfuel combustion in the calciner. Whereas this application
only requires the redesign of the involved equipment, the capture rate corresponds to up to
75% of the total CO, emissions of the kiln.

In the past years a lot of research and prototype testing with regard to operation, clinker qual-
ity and equipment re-design has been done on oxyfuel technology in the cement industry.
Although not tested completely in pilot scale, oxyfuel technology involves the use of tradi-
tional equipment and commercially available units which makes the integration less compli-
cated. The essential pieces of equipment like the burner, calciner and cooler are on a TRL of
more than 7. The CI4C consortium envisages the start-up of an oxyfuel demonstration plant
located in Mergelstetten, Germany by 2024, lifting the technology to 7-8. First industrial scale
plants are planned to start operation from 2028 onwards (projects: K6 project, Carbon2Busi-
ness, ANRAYV), which will pave the way for further commercialisation.

Post-combustion capture using adsorption technology

Absorption techniques are end-of-the-pipe measures for CO, abatement. Principally, up to
95% of the CO, can be captured with these techniques. After capturing, the CO is purified to
> 99% and compressed for transport to a designated destination (storage site or reuse facil-
ity). Chemical absorption with alkanolamines is a proven and mature technique in other in-
dustry sectors such as the chemical or gas industries. There, flue gas volumes and absor-
bent cycles are significantly smaller compared to the application in the cement clinker
burning process. Alterations are however necessary to fit this concept for post-combustion
flue gas cleaning in the cement industry.

The most common solvent in the chemical industry is monoethanolamine (MEA), which was
the first solvent used for amine-based CO- scrubbing. Advanced amines are commercially
available, granting lower energy consumption for regeneration. Even more efficient solvents,
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based on ammonia or activated potassium carbonate are in the development stage. The
chilled ammonia process (CAP) shows a promising approach to these issues but has not
been studied for application within the clinker burning process so far.

Due to high cost, the solvents, once they have absorbed the CO,, have to be regenerated
and reused. The regeneration is highly energy consuming. Therefore, the so-called energy or
CO2 penalty is determined by this process. SO, and oxygen play an important role in solvent
degradation mechanisms, even though the solvents are as stable and insensitive as possi-
ble. The absorption technique therefore requires a reduction of SO, and particulate matter
concentration in flue gases to a minimum (e.g. by wet scrubbers and highly efficient filters).
Depending on the initial level, NOy concentrations have to be lowered as well, as NO- can
also lead to solvent degradation. On the other hand, NO accounts for only 5 to 10% of total
NOy emissions of cement kilns.

Many CO:; capture pilot projects with absorption technologies have been carried out in the
power sector. Since 2018 the amine scrubbing process has been successfully demonstrated
at Anhui Conch plant in Wuhu, China by capturing up to 50,000 t/a CO..

A major barrier for a full-scale application is the high thermal energy demand for steam pro-
duction which is needed for the regeneration of the solvent. Steam can be produced on site
requiring respective CAPEX and OPEX or can be bought in requiring respective operational
costs only. To lower the overall related capture costs, waste heat from the clinker burning
process can be used to cover some of the additional energy required for desorption. How-
ever, the degree of waste heat availability is site specific, depending on the raw material
moisture, the preheater design and the degree of waste heat already been used for different
drying purposed. Further R&D is focussing on developing advanced solvents, which can de-
crease the additional energy demand for regeneration.

The SkyMine Project combines a scrubbing process and the utilization of CO, and is being
carried out in the Capitol cement plant in San Antonio (USA). In this process the CO;
containing flue gas reacts with sodium hydroxide to produce sodium bicarbonate (NaHCO3).
When running at full capacity, the SkyMine plant can capture 75,000 t CO_/a.

Post-combustion capture using membrane technology

Membranes are being discussed as a future end-of-pipe measure for CO, abatement. Princi-
pally, more than 80% of the CO. can be captured with this technique. After abatement, the
CO; has to be purified and compressed for transport to designated storage sites or reuse fa-
cilities. Up to now, such membranes have only been available on a small scale. Further de-
velopment is expected to need about 5 to 10 years to reach industrial application. Current re-
search aims to show if it will be technically possible to build membrane reactors for such
huge gas volumes as could be needed in the cement industry. A major issue is the selectivity
of the membranes for specific gases like COs.

Two basic membrane types are being considered for CO, capture, namely gas separation
(gas/gas membranes) and gas absorption membranes (gas/liquid membranes). A further de-
velopment could be a hybrid capture system consisting of a membrane separation process
combined with a chemical absorption process similar to amine scrubbing.

Gas/gas membranes rely on the variations in physical and/or chemical interactions between
different gases and the membrane material, with the intention of having one component pass
through the membrane faster than another (thus driving the separation process). This
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technique relies on the diffusivity of gas molecules and takes advantage of different pres-
sures on either side of the membrane. Various versions of gas separation membranes are
available today, including ceramic, polymeric and ceramic/polymeric hybrids. Up to now,
most of the commercially viable membranes for CO, capture have been polymer-based. The
second group, gas absorption membranes, are micro-porous solid membranes which act as
contacting devices between the gas flow and the liquid flow. While flue gases flow on one
side of a membrane, an absorptive liquid is used on the other side to selectively attract cer-
tain components. In this case, it is the absorption liquid (not the membrane) that drives the
selectivity. Gas separation membranes are manufactured in two different forms: Flat sheets
and hollow fibres. The flat sheets are typically combined into a spiral-wound element, and the
hollow-fibres are combined into a bundle similar to a shell and tube heat exchanger.

Membrane units are small in volume, operationally simple, can be positioned either horizon-
tally or vertically and require little attention once commissioned (low maintenance require-
ments). Furthermore, no regeneration energy is required and no waste streams are gener-
ated.

However, present membranes also show unfavourable characteristics like sensitivity to sul-
phur compounds and other trace elements, sometimes low degrees of separation (multiple
stages or recycling is necessary) and furthermore, polymeric membranes are mostly intoler-
ant to high temperatures.

Initial trials with flue gas from a cement kiln have been carried out in laboratory scale. A one-
stage membrane module with a polyvinyl-based flat sheet membrane was investigated in a
six-month test programme. A CO- recovery rate of 60 to 70% could be achieved. The results
showed that the membrane material could withstand the flue gas from the cement kiln.

As part of the MemCCC project, a membrane-based carbon capture pilot facilty was tested
for capturing CO- from cement flue gases. A specific energy consumption of 1.2 GJ/t CO-
was assumed for a CO, recovery rate of 80% with 95% purity. Another concept, membrane
assisted CO: liquefication, was investigated within the CEMCAP project. In this respect, the
net power requirement of electrical energy for a capture ratio of 90%, is ca. 1.5 GJ/t CO2
captured.

Post-combustion capture using physical separation processes

Adsorption and cryogenic processes for CO; capture are rapidly developing and could be
available on industrial level in the short term. Adsorptive capture processes are based on
physisorption on surfaces of solid materials like carbon materials, zeolites, alumino-phos-
phates or metal organic frameworks (MOFs). Within the reactor, the basic steps of CO, ad-
sorption by van-der-Waals forces and desorption forced by either temperature (temperature
swing adsorption, TSA) or pressure (pressure or vacuum swing adsorption, PSA/VSA) differ-
ence is repeated.

Basically, the energy penalty of adsorption processes could be lower than for chemical post-
combustion technologies like amine scrubbing. The technological readiness strongly de-
pends on the sorbent used, which is steadily being improved in terms of sensitivity towards
impurities, CO; capture rate and achievable CO; purity.

Different types of reactor designs can be used. In 2019 Svante installed a pilot TSA process
with a capacity of 1t CO2/d. Svante’s Veloxotherm rotary adsorber can be filled with different
types of solid sorbents. Compared to chemical post-combustion technology the CO; footprint
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is lower. Based on the successful pilot operation the maturity of TSA technology is rated as
TRL 7. The thermal energy for regeneration depends on the solid sorbent used and can vary
from 1.7 to 3.5 GJ/t CO2. Reducing the energy penalty is the subject of the current R&D ef-
forts.

Today the CO; recovery by means of stand-alone PSA processes depends on the number of
beds in a row. Combination of cryogenic separation with PSA or membrane systems show
the opportunity to lower the energy penalty compared to single stand-alone units. The cryo-
genic unit uses differences in the boiling points of the flue gas components. CO; is trans-
ferred to the liquid phase, while other components are vented. The system as such has been
proven in other industrial applications (like H2 production). FEED studies on the implementa-
tion of this technology in cement plants are ongoing. However, as of yet, they have not
reached a TRL higher than 6.

CO- capture using solid sorbents: Calcium-Looping

The so-called calcium looping (CaL; also known as carbonate looping) uses calcium oxide-
based sorbents (limestone or cement raw meal) to capture carbon dioxide from the flue
gases of a cement kiln. The process is based on the equilibrium of calcium carbonate
(CaCO:s) to calcium oxide (CaO) and carbon dioxide (CO-) at different temperatures and
pressures (CaC0; < CaO + CO0,). In a so-called carbonator, calcium oxide is put in contact
with flue gases from the rotary kiln (integrated configuration) or from the cement plant (tail-
end configuration) containing carbon dioxide to produce calcium carbonate (Ca0O + CO, —
CaC03). The exothermic carbonation reaction takes place at temperatures around 600 to
700 °C. The produced calcium carbonate is then directed to an oxyfuel-calciner for regenera-
tion of the sorbent in an endothermic reaction (calcination) at temperatures above 900 °C
(CaC05 = CaO + CO,), where the CO: is released in a concentrated gas stream (> 95 Vol.%).
The produced CO; stream can be supplied for subsequent storage or utilisation after a final
purification and compression step. The regenerated sorbent is partially transferred back to
the carbonator, closing the loop. Additional fuel and oxygen are required for the regeneration
of the sorbent. Oxygen can be supplied by an Air Separation Unit (ASU). Additional power is
required for the ASU, the core Cal process and for the CO; purification (CPU). However,
power can also be generated by a steam Rankine cycle (TP No. 9) utilising excess heat from
the process. Under certain operation conditions the tail-end configuration of the CaL system
might even become a net producer of electricity by exceeding its own demand.

Cement plants equipped with tail-end CaL configuration are characterised by two calcination
reactors (plant’s calciner and Cal'’s oxyfuel-calciner), which leads to a significant increase of
thermal energy demand. In this configuration, the oxyfuel-calciner and the carbonator are cir-
culating fluidised bed reactors (CFB). To assure a good fluidisation in the reactors, the lime-
stone used as a sorbent is characterised by coarser particle sizes compared to the average
particle size needed for the clinker burning process (100 to 300 yum and 10 to 20 pm, respec-
tively). Due to the decay of the calcium oxide reactivity, the CaO-rich purge has to be re-
moved from the oxyfuel-calciner and ground before being fed to the clinker burning process,
replacing part of the limestone in the raw mix.

Taiwan Cement and Industrial Technology Research Institute (ITRI) started a calcium loop-
ing pilot project in 2013 in which a capture rate over 1 t CO2/h was achieved.



Page 154 of 217 ECRA Technology Papers 2022

A more recent variant for cement plants is the CaL integrated configuration, making use of
entrained flow reactors. In this configuration the calciner of the plant and of the CalL process
is the same, which leads to lower thermal energy demand compared to the tail-end configu-
ration. In the integrated configuration a portion of the calcined raw meal produced in the oxy-
fuel calciner is fed directly into the rotary kiln and the remaining material is directed to the
carbonator, closing the cycle. A grinding step to correct the CaO-stream particle size coming
from the oxyfuel-calciner is therefore unnecessary. In the EU-funded research project
CLEANKER, the CaLl integrated configuration with entrained flow reactors is presently being
tested in a cement plant in Vernasca, ltaly, at TRL7.

Indirect calcination for carbon capture

Indirect calcination technology addresses exclusively the capture of CO, process emissions.
Thus, the overall CO; capture rate is limited to around 60% of the plant’s total direct CO-
emissions (for this share, the capture rate can reach up to 95%). It can be combined with
other capture technologies like e.g. chemical absorption, physical adsorption or Oxyfuel tech-
nology in order to also capture CO, from fuel combustion and thus increase the overall cap-
ture rate. Indirect calcination technology involves an indirectly heated calciner, which enables
the separation of the combustion gas stream from the relatively pure CO; stream generated
in the limestone calcination process. An indirectly heated calciner replaces the conventional
calciner of a kiln plant. The tube reactor is made of a special steel, which is heated from the
outside, while the raw material flows in the inside. Despite the already high CO» concentra-
tion of the calcination gas stream (> 95 vol.% CO.), the CO: still can be further purified to
comply with any quality specifications set by downstream process chains, transport and stor-
age or reuse.

A pilot plant based on a design by the Australian company Calix Ltd. was operated within the
LEILAC EU research project in the cement plant in Lixhe, Belgium, which processed about
8-10 t/h material (approx. 70% of the reactor’s design capacity). During the trial runs in 2019
and 2020, the calcination of cement raw meal as well as limestone was successfully proven.
Technical risks such as the agglomeration of fine particles limiting the calcination rate, mate-
rial build-ups, material transport from and to the host plant, and tube stability were ad-
dressed. The scale-up of this reactor is limited by the tube diameter, as the efficiency is sub-
ject to the heat transfer to the central tube. Therefore, the possibility to operate several
parallel arranged tubes within a combustion chamber is currently being investigated in the
LEILAC 2 project. In 2024 a reactor with four tubes in one combustion chamber (for 20% of
total kiln feed) will be commissioned in a cement plant in Hannover, Germany to increase the
TRL to 8 and prove long-term stability.

Post-combustion capture using mineral carbonation

Mineral carbonation is a chemical process in which magnesium and calcium silicates (e.g.
serpentine, olivine, wollastonite) are reacted with CO, to form stable carbonates. A principle
distinction is made between the so-called in-situ and ex-situ carbonation. In the in-situ
process the COs is injected into certain geological formations and the carbonation takes
place underground, whereas in the ex-situ process the carbonation takes place above
ground in a chemical processing plant.

The required alkalinity is provided by natural alkaline minerals (e.g. magnesium- and
calcium-rich silicates), which are widely available worldwide. Industrial wastes (fly ash,
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cement kiln dust, blastfurnace slag) can also be used as starting materials instead of natural
minerals. An advantage of this capture process is the fact that it does not require the use of
pure CO- for the mineral carbonation. The final output is inert carbonates, which can be used
e.g. as construction materials or can be stored for long periods without risk of CO- leakage.
As a result of this, mineral carbonation includes both the capture of CO. and its long-term
storage.

Mineral carbonation can be carried out as a single or multi-step process. In the single-step
process a direct carbonation takes place under high pressures with or without (mechanical or
thermal) pretreatments. The objective of the pretreatment is to accelerate the carbonation
reaction by an increase of the surface area. The reaction is possible both in dry or aqueous
media. The involved reactions are similar to naturally occuring processes which are called
“wheatering”.

In contrast to this, multi-step or indirect carbonation involves the extraction of the reactive
metal ions from minerals using acids or other solvents followed by the carbonation reaction in
the gaseous or aqueous phase. Indirect carbonation can be divided into different steps:

1. Separating of the metal from the mineral mix , e.g. in the presence of HCI or a molten salt
2. A series of hydration reactions to obtain the metal hydroxide
3. Carbonation reaction (carried out at elevated temperature and pressure)

A disadvantage of the process are the slow reaction rates of carbonation. However, there are
different possibilities to enhance the reduction rate, e.g. elevated heat and pressures, chemi-
cal processing and mechanical treatment (grinding).

The results obtained with mineral carbonation show that industrial wastes are more reactive,
so that the chemical reactions can be carried out under mild conditions.

Mineral carbonation technology is still in the R&D phase and up to now no industrial- scale
adsorption units are known for CO- capture from flue gases. The required mineral mass to
bind 1 t of CO; is between 1.8 and 3 t for relatively pure minerals. According to this, huge
mining activities would be required to capture the CO-, from cement plants. The potential for
CO; carbonation of alkaline materials (not including natural recarbonation i.e. the CO; ab-
sorption by concrete) is estimated at 0.8 to 1.3 Gt COa/y in 2050. However, the potential is
limited by effective conversion reactions, available access to appropriate initial materials and
the availability of a market for the products.
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4.48.4 Impact on energy consumption and consumables

All applications of carbon capture technologies involve the supply of thermal and/or electrical
energy for the separation, purification and compression/liquefaction of CO.. In the case of in-
tegrated calcium looping higher demand of thermal energy can result in an excess of electri-

cal energy due to the high potential of waste heat recovery.

Table:

Additional energy required to operate the capturing process

Technology Thermal energy demand Electrical energy demand
Oxyfuel technology increase of MJ/t cli increase of kWh/t
up to 450 200 to 250 cli
Absorption process — increase MJ/t cli increase of kWh/t
Monoethanolamine (MEA) up to 3,500 80to 129 cli
Membranes not applicable MJ/t cli increase of up to | kWh/t
300 to 400 cli
Cryogenic capture combined | increase of MJ/t cli increase of kWh/t
with pressure swing adsorp- | 50 to 60 280 to 400 cli
tion
Temperature swing adsorp- | increase of MJ/t cli increase of kWh/t
tion 2,000 to 4,000 100 to 110 cli
Ca-Looping, tail-end (CFD increase of MJ/t cli decrease of kWh/t
reactors) 4,100 to 5,700 70 to 240 cli
Ca-Looping, integrated (en- | increase of MJ/t cli increase of kWh/t
trained flow reactors) up to 2,450 up to 50 cli
Indirect calcination increase of MJ/t cli increase of 60 to | kWh/t
100 to 305 100 cli
Mineral carbonation increase of MJ/t cli increase; kWh/t
2,550 exact figures cli
n.a.
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Some technologies require the additional raw materials or consumables, some of them ca be
produced onsite or must be bought from external sources.

Table: Additional raw materials or consumables
Technology Material type Amount Unit

Oxyfuel technology Oxygen 0.28t0 0.35 t/t cli
Absorption process — Replacement of absorbent | ~ 0.001 tit cli
Monoethanolamine (MEA)

Steam import 0.6t00.8 MWhtt cli
Membranes Replacement of n.a.

membranes
Cryogenic capture combined Replacement of sorbent n.a.
with pressure swing adsorption
Temperature swing adsorption Steam import 0.55t0 1.1 MWht cli
Ca-Looping, tail-end (CFD reac- | Limestone (substitution of | <0.7 tit cli
tors) purged stream)

Oxygen 0.45t00.5 t/tcli
Ca-Looping, integrated (en- Limestone (substitution of | < 0.7 tit cli
trained flow reactors) purged stream)

Oxygen up to 0.4 t/t cli
Indirect calcination Replacement of reactor n.a.

tubes
Mineral carbonation Ca or Mg silicates 1.5t0250r tit cli

more
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4.48.5

CO; emission reduction potential

The direct CO2 emission reduction potential is defined as the difference of the reference fos-
sil CO, emissions (832 kg fossil COz /t clinker) and the remaining fossil CO. emissions of the
technology scenario. The remaining CO, emissions also comprise fossil CO, which might be
generated to meet additional energy demand in the capture process and the applicable cap-
ture rate, which depends on the capture technology.

The COz reduction potential can be further increased when fossil fuels are substituted by al-
ternative ones containing biomass. The overall reduction potential can under these condi-
tions even result in negative CO; emissions.

Table: CO:z2 reduction potential
Technology Direct CO; emission Indirect CO, emission
reduction potential reduction potential

Oxyfuel technology decrease of kg COo/t cli | increase of kg CO2/t cli
790 110 to 140

Absorption process — decrease of kg COy/tcli | increase of kg CO2/t cli

Monoethanolamine (MEA) up to 775 upto 73

Membranes decrease of kg COy/tcli | increase of kg CO2/t cli
670 170 to 225

Cryogenic capture combined | decrease of kg COo/t cli | increase of kg CO2/t cli

with pressure swing adsorp- | 750 to 790 150 to 225

tion

Temperature swing adsorp- | decrease of kg COy/tcli | increase of kg CO2/t cli

tion 710 to 730 56 to 62

Ca-Looping, tail-end (CFD decrease of kg COo/t cli | decrease of kg CO2/t cli

reactors) 710 to 760 40 to 130

Ca-Looping, integrated (en- | decrease of kg COo/t cli | increase of kg CO2/t cli

trained flow reactors) up to 780 up to 30

Indirect calcination decrease of kg COu/t cli | increase of kg COq/t cli
480 to 500 28 to 45

Mineral carbonation decrease of kg CO2/tcli | n.a. kg CO2/t cli
730 to 750
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Captured CO;, refers to the total amount of processed CO- exported from the capture plant.
The amount of CO; captured also comprises CO- originating directly from additional fuel use
on site to operate the capture process. Captured CO; also includes biogenic CO, emissions
as they result from the use of biomass such as being part of alternative fuels.

Table:

Captured CO:2 (exported fossil and biogenic COz2)

Technology Exported fossil and Capture rate
biogenic CO-

Oxyfuel technology 800 to 840 kg COq2/tcli | 90 - 95 %
Absorption process — up to 1100 kg COo/tcli | up to 95 %
Monoethanolamine (MEA)
Membranes 670 kg COo/tcli | up to 80 %
Cryogenic capture combined | 760 to 800 kg COo/t cli | up to 95 %
with pressure swing adsorp-
tion
Temperature swing adsorp- | 920 to 1080 kg COo/tcli | up to 90 %
tion
Ca-Looping, tail-end (CFD 1130t0 1230 | kg COq/tcli | up to 95 %
reactors)
Ca-Looping, integrated (en- | up to 1000 kg COo/t cli | up to 95 %
trained flow reactors)
Indirect calcination 500 kg COo/tcli | up to 60 %
Mineral carbonation 750 to 960 kg COo/tcli | up to 90 %
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The CO; reduction potential and energy consumption are influenced by different factors aris-
ing from site-specific conditions and minor variations in technology specifications.

Table: Main influencing parameters
Technology Main influencing parameter on CO- reduction potential and
energy consumption
Oxyfuel technology - Additional abatement of impurities at transition point to

CO; processing unit to meet requirements from
downstream processes

- Level of false air (improvement of sealings requires
attention)

- Separation ratio of the CO purification

- Energy consumption of the CO: processing unit and
oxygen supply system

- Oxidizer purity (influences energy demand)

- Design of implementation (with or without flue gas
recirculation, full or partial application)

Absorption process — - Type of absorption process. Amine scrubbing

Monoethanolamine (MEA) processes require steam for generation, whereas the
SkyMine process requires a huge amount of
(renewable) power for the chlorine-alkali electrolysis

- Steam generation on-site or steam import

- The minimum CO; emission reduction potential is
related to the partial capture based on the use of waste
heat to match energy demand for regeneration
resulting in a 50% capture rate

- Available heat, low pressure steam, shaft work
(supplied from co-located power plant)

- Sour gas loading (SO2, NO3)

Membranes - Operating conditions

- Membrane’s properties, selectivity and separation
performance

- For economical reasons the capture rate is limited to
80%

- Technologies for further purification, processing and
transport of the captured carbon dioxide are not

considered
Cryogenic capture combined | -  Type of process, sorbent and reactor influences the
with pressure swing adsorp- energy demand
tion - Removal of impurities necessary to meet requirements

from downstream processes

Temperature swing adsorp- | -  Type of process, sorbent and reactor influences the
tion energy demand
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Technology

Main influencing parameter on CO- reduction potential and
energy consumption

Ca-Looping, tail-end and in-
tegrated

- Type of sorbent

- Degree of integration (amount of CaO-rich purge
stream utilised as raw material in the cement plant)

- COgq target purity

- Type of fuel

- Air tightness of the oxyfuel-calciner and downstream
equipment

Indirect calcination

- Based on the requirements for CO; purity, especially
with regard to impurities, an additional purification step
might become necessary, which would influence the
investment and operational costs

- A CO; capture rate of about 60% (95% of CO2 from
calcination) is assumed. Higher capture rates are
possible and would additionally require the capturing of
the CO. emissions from the main burner or the
decarbonation of fuels and electricity.

Mineral carbonation

- Type of process (direct /indirect carbonation)

- Type of feedstock

- Pretreatment of the minerals

- Capture rate depends on process conditions such as
exposure time, pressure and temperature

- According to the literature, the requirement of thermal
energy is around 3 GJ/t CO,, which corresponds to
2.55 GJ/t cli. Additional electrical energy is needed for
crushing and grinding processes and for gas
compression




Page 162 of 217

ECRA Technology Papers 2022

4.48.6 Technical Readiness

The Technology Readiness Level (TRL) is assessed for application of the respective technol-
ogy in cement plants at scale. Some technologies might have a higher TRL in other sectors
but there is limited experience of their transferability from those applications in other indus-

tries to the cement production process.

Table: Technology Readiness Levels (TRL) for application in the cement sector
Technology TRL 2022 Applicability for industry at
TRL >8 expected around

Oxyfuel technology 6 2025
Absorption process — 8-9 2022
Monoethanolamine (MEA)
Membranes 4-5 2030 - 2040
Cryogenic capture combined with pres- 5-6 2030
sure swing adsorption
Temperature swing adsorption 6-7 2030
Ca-Looping, tail-end (CFD reactors) 7-8 2025
Ca-Looping, integrated (entrained flow 6-7 2030
reactors)
Indirect calcination 6-7 2025
Mineral carbonation 5-6 2030
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4.48.7 Investment figures and operational costs

As costs can vary due to different cement plant situations, the following cost estimation
serves as comparison basis for the different capture technologies taking into account the as-
sumptions given in section 4.48.2:

- Production capacity 6,000 t/d, which is expected to be the dominant kiln size in 2050 on
a global scale.

- Allinvestment figures and operational costs are referred to 2020 as the reference year.
Since inflation is difficult to forecast and since it can be very different from region to
region, no inflation has been taken into account. The approach chosen is in particular
important for big investment projects such as carbon capture technology. As the projects
will be completed many years in the future, the costs and investment figures shown are
mainly to be used as a comparison between the different technologies.

- CAPEX figures for capture projects are given for the capture plant only. This allows for a
better comparison between the capture technologies because site specific investments
are excluded, such as onsite intermediate CO; storage, upgrade of power supply,
demolishing old equipment, water treatment, CO logistics on site, and finally transport
or storage. These uncertainties in investment figures for site specific investments can
require up to 100% additional investment as compared to the figures for the actual
capture plant.

- While investment figures are a significant part of the overall expenditures the upcoming
capture projects indicate that the total project costs can still be significantly higher.

Table: Oxyfuel technology - Investment figures and operational costs
Cost estima- New installation Retrofit
tion Investment Operational Investment Operational
[Mio €] [€E/t cli] [Mio €] [€/t cli]
2020 200 to 250 21t0 24 290 to 330 22to0 25
increase increase
2030 200 to 230 211023 260 to 290 23 to 26
increase increase
2050 200 to 230 18 to 21 260 to 290 20to 22
increase increase
Remarks:

- Costs calculation include both design configurations with and without recirculation
- Investment figures include oxygen supply and CO; purification and compression.
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Table: Absorption process — Monoethanolamine (MEA) Investment figures and operational costs
Investment Operational
[Mio €] [€/t cli]
2020 200 to 275 increase
up to 49
2030 200 to 275 increase
up to 50
2050 200 to 275 increase
up to 48
Remarks:

- Steam import is included in the operational costs

- Basically, uncertainties regarding the cost estimation result due to the site-specific
boundary conditions (additional emissions abatement), steam geneneration (onsite or
import) and targeted capture rate

Table: Membranes - Investment figures and operational costs
Investment Operational
[Mio €] [€/t cli]
2020 not available not available
2030 190 to 260 increase
30 to 40
2050 190 to 260 increase
251t0 33
Remarks:

- Membrane technologies are in an early development status so that reliable cost
estimations are not available

- The investment costs are based on a case study by Roussanaly

- The price for the replacement of membranes is not included in the operational costs

- According to a benchmark study, which was carried out for the small-scale carbon
capture project in a Norwegian cement plant, the total costs for CO, capture with
membrane technologies could range between 43 €/t cli and 63 €/t cli (depending on fuel
and electricity prices) which corresponds to former data in the technical literature.
Membranes still show significant potential for improvement. Based on this, lower costs of

less than 25 €/t CO; avoided are predicted for 2030 and 2050
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Table: Cryogenic capture combined with pressure swing adsorption
Investment figures and operational costs
Investment Operational
[Mio €] [€/t cli]
2020 not applicable not applicable
2030 180 to 230 increase of
291042
2050 180 to 230 increase of
24 to 34
Remarks:

The capture process is based on the combination of PSA and cryogenic separation.

Table: Temperature swing adsorption - Investment figures and operational costs
Investment Operational
[Mio €] [€/t cli]
2020 not applicable not applicable
2030 180 to 235 increase of
38 to 58
2050 180 to 235 increase of
36 to 56
Remarks:

The capture process is based on the combination of PSA and cryogenic separation.

Table: Ca-Looping tail-end configuration (CFB reactors)
Investment figures and operational costs
Investment Operational
[Mio €] [€/t cli]
2020 365 to 495 up to 11 increase
2030 330 to 450 up to 11 increase
2050 330 to 450 5t0 12
Remarks:

Different excess heat streams and heat to be rejected from the carbonator is used for
power generation. In this way not only the power demand of the cement and capture
plant can be covered, but excess power can also be sold. This implies the availibility of
power infrastructure and the permission to supply the power to the grid.
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Table: Ca-Looping integrated configuration (Entrained flow reactors)
Investment figures and operational costs
Cost estima- New installation Retrofit
tion Investment Operational Investment Operational
[Mio €] [€/t cli] [Mio €] [€/t cli]
2020 330to0 475 up to 16 increase 380 to 540 up to 16 increase
2030 300 to 425 up to 16 increase 345 to 490 up to 16 increase
2050 300 to 425 up to 15 increase 345 to 490 up to 15 increase
Remarks:

- Different excess heat streams and heat to be rejected from the carbonator are used for
power generation. In this way the power demand of the cement and capture plant can be
partly covered.

Table: Indirect calcination - Investment figures and operational costs
Cost estima- New installation Retrofit
tion Investment Operational Investment Operational
[Mio €] [€/t cli] [Mio €] [€/t cli]
2020 220 to 290 5t09 200 to 260 6 to 9 increase
increase
2030 220 to 290 6to 10 200 to 260 6to 10
increase increase
2050 220 to 290 5to 8 200 to 260 5 to 8 increase
increase
Remarks:

- Costs for a CO, purification unit are included to match the CO- purity requirements from
downstream processes.

- Costs are based on capture rate of 60%.

- The scale-up of indirect heating technology for kilns of 2 million t/a is theoretically
feasible, but currently there are no studies that support the application of this technology
in such kilns. The number of parallel arranged tubes required and their integration in a
2 million t/a kiln still needs to be investigated

- Effects of electrical indirect heating on power consumption are excluded.

- Replacement of tubes after a certain time of operation becomes necessary and is
excluded in the the above estimation
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Table: Mineral carbonation - Investment figures and operational costs
Investment Operational
[Mio €] [€E/t cli]
2020 not available not available
2030 not available not available
2050 not available not available
Remarks:

- Cost estimations for the mineral carbonation process have been published in the
technical literature. According to this, the total cost of in-situ mineral carbonation could
range from 65 to 117 €/t CO

- For ex-situ mineral carbonation, the cost estimations range from 45 and 190 $/t CO,,
depending on the type of feedstock

4.48.8 Conditions, barriers, constraints, enabling framework

The net zero transition of the cement sector requires a framework which includes political fi-
nancial, social and technical aspects. Among the many technical ones arising from the differ-
ent technologies described, the following are worth being highlighted:

- Most technologies are still not proven at demo-scale in the cement industry. In particular,
technologies with low TRL require the proof of scale-up to full-size implementation.

- Thermal and/or electrical energy consumption will increase.

- All CO; captured requires a respective infrastructure for transport and access to storage
sites or reuse options.

- Solvents and sorbents might be very costly. They can degrade and degradation products
must be examined.

- Solvents/sorbents/membranes need to be improved with regard to separation efficiency,
sensitivity towards impurities and temperature resistance

- Appropriate regulation and economic incentives concerning the capture of biogenic CO-
(negative emissions)

- Using solid sorbents as in Ca-Looping or mineral carbonation processes, a high effort for
material handling is necessary (large material transport and storage requirements, high
energy demand for the mining, transportation and preparation of the mineral)

- Limiting factor: Availability of materials like solvents, minerals, alkalinity etc.

Negative emissions can be achieved capturing biogenic CO- (linked to the use of
alternative fuels containing biomass) and subsequent storage or utilisation.
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4.49 Technology Paper No. 49: CO; use: Basic chemicals, urea, formic acid,
polymers

The CO; captured from the flue gases of industrial emitters can be used as a starting
material for the synthesis of chemicals or special polymers. In principle, there are many ways
to synthesise organic molecules from CO,. However, the use of CO. for chemical syntheses
requires efficient catalytic systems in most cases. In this context, the hydrogenation of CO: is
an important possibility for the chemical conversion of CO..

Urea (CO(NH3).) is the main product for which CO; is used as a C1 building block. It is
produced from CO, and NHs under high pressure and temperature:

COs + 2NH; — CO(NHz)z + H,O

In most cases, the urea production is carried out in the vicinity of ammonia plants as large
amounts of CO, are generated in the syngas production for the ammonia synthesis. Most of
the produced urea is used as agricultural fertilizer.

Formic acid is another basic chemical which can be produced by a selective hydrogenation
of COx.:

CO: + Hz — HCO2H

Recent research projects, e.g. “Power-2-Formic Acid” by TNO (Netherlands Organisation for
applied Scientific Research) or “CO2PERATE” by Catalisti, aim to improve and proove the
concept itself. While several other processes have already proven the technical feasability,
industry still lacks representative pilot plants and long-term studies on their operation.
However, the key limiting factor for projects of this kind is the economic sustainablity.Formic
acid and its salts are used in different industrial applications, e.g. in the leather industry, as
deicing agents or as preservatives.

In addition, and as an alternative carbon source, the captured CO can be used to produce
polymers such as polycarbonates and polyurethanes . For example, polycarbonates can be
produced by a reaction between CO; and epoxides. Polyols, which are a starting material for
polyurethane production, can also use CO; captured from flue gas streams. A first industrial-
scale production line has gone online in Germany in 2017. Among others, this process has
been developed within the Carbon2Chem project between 2016 and 2020 and will be
continued until 2024.

To meet the required global CO; reduction targets for climate protection, the relevant
amounts of CO, have to be stored or reused. It is evident that the potential for the production
of certain chemicals and polymers from captured CO: is limited — taking into account the
current world market for the respective products. However, the motivation of chemical
companies for the reuse of captured CO; as future carbon feedstock is to achieve
sustainable production and to broaden their raw material basis.

Impact on energy consumption

thermal: not applicable MJ/t cli electric: not applicable kWht cli

The further utilisation of captured CO; for the production of basic chemicals does not affect
the energy consumption of the actual clinker burning process.
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CO2 emission reduction
direct: not applicable kg CO/t cli | indirect: not applicable kg CO2/t cli
Material input
Hydrogen (most processes) | Type of material not available tit cli
Technical Readiness
TRL 2022: 6-9 (9 for formic acid)
The main influencing parameters are
- Purity of the CO; gas stream
- Added value related to aspired product
- Availability of carbon neutral power and green hydrogen
Cost estimation
Cost estima- New installation Retrofit
tion Investment Operational Investment Operational
[Mio €] [€/t cem] [Mio €] [€E/t cem]
2020 not available | not available not available not available
2030 not available | not available not available not available
2050 not available | not available not available not available
Remarks:

- The reuse of CO; for the production of basic chemicals is still in an early status of
development. Reliable data about the costs for industrial scale application are not yet

available.

Conditions, barriers, constraints, enabling framework

- Limited markets for CO,-based products

- Competition with traditional production routes

- Pricing in carbon footprint would accelerate market entry

- Most pathways depend on a significant input of Hz gas and thus the availability of carbon
neutral power




Page 170 of 217 ECRA Technology Papers 2022

4.50 Technology Paper No. 50: CO; use: Power-to-gas (CH.)

The use of captured CO- for methane (CH4) production is one of the most important technol-
ogies for storage concepts for electrical energy. The hydrogen needed for its production must
be generated with electrical energy from carbon neutral or renewable sources. The methane
produced could then be stored in the existing natural gas grids, which offer a comparably
large storage capacity.

A power-to-gas project consists of the following main process steps:

- the capture of CO; from flue gases of power plants, cement kilns or other industrial
sources

- the production of hydrogen by water electrolysis using carbon-neutral electrical energy

- the catalytic conversion of CO; with hydrogen to form methane

The captured CO- gas stream should exhibit a sufficient purity for the subsequent catalytic
reactions. Possible technologies for the hydrogen production are alkaline electrolysis, poly-
mer electrolyte membrane (PEM) electrolysis and solid oxide electrolysis (SOEC). All of the
above-mentioned electrolysis processes require a respective amount of electrical energy for
hydrogen production. Methane is produced with the so-called Sabatier reaction, an exother-
mic catalytic reaction between CO- and hydrogen in the presence of transition metal cata-
lysts (mostly Ni catalysts):

CO, + 4H, —> CHs4 + 2 H0O

The main demand for electrical energy is needed for the hydrogen production and therefore
not relevant in this paper.

Pilot trials are being carried out in different countries, utilising CO- from different sources.
However, there is no operational experience from industrial-scale projects, neither in the
cement industry nor in the power sector. Up to now, the economical feasibility is not given, as
natural gas prices are significantly lower than the prices of CH4 from catalytic methanation.
Additional hurdles for this process are, on one hand, the supply of H. gas produced with
carbon-neutral energy and, on the other hand, the price for the green hydrogen production.

Impact on energy consumption

thermail: not applicable MJ/t cli electric: 177 to 186* kWhtt cli

*Energy consumption for the conversion of CO2 to CH4, no influence on or part of clinker production

CO-, emission reduction

direct: not applicable kg COy/tcli | indirect: 16 to 20* kg CO2/t cli

*COz2 from electric power production with carbon footprint according to Annex Il

Material input

Hydrogen for CO- reduction 0,15* t/t cli

*Not used within the clinker production process
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Technical Readiness

TRL 2022: 9

The main influencing parameters are

Cost estimation

Costs for electrical energy from carbon neutral sources
Taxes and duties on the electrical energy
Purity of the CO- gas stream; Hz gas supply

Cost estima- New installation Retrofit
tion Investment Operational Investment Operational
[Mio €] [€/t cli] [Mio €] [€/t cli]
2020 26 510 26 510
2030 18 353 18 353
2050 13 234 13 234
Remarks:

- The costs for the installation of a power-to-gas plant are the same — both for the
installation in an existing cement plant and in a new cement plant

- Calculations on investment and operational costs as well as material input were
performed with 100% of the emitted CO, from clinker production (1.4 million t CO- /a)

- Investment costs were focused on the methanation plant while no capture system or
electrolyser was considered

- While the operation of a P2G plant is possible with all kinds of H>-gas, the only expedient

option is if it is generated with carbon neutral power. Therefore, in the cost estimation
the assumed price refers to carbon-neutral H;

- Operating costs include electricity for the methanation and H> demand and do not cover

costs for labour, insurance, cooling water, catalyst replacement etc.

- Due to a lack of feasibility studies for PtG projects the given calculations were made
based on literature and most probable scenarios

- The cost estimations do not include the revenues from selling the product

Conditions, barriers, constraints, enabling framework

- Availablity of carbon neutral power and green hydrogen

- Electricity prices

- Natural gas prices

- No incentives for the production of carbon neutral methane
- Legal framework for carbon capture and use
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4.51 Technology Paper No. 51: CO; use: Power-to-liquids (Methanol)

A potential reuse technology named the power-to-liquids (P2L) process, is the conversion of
electrical energy from carbon-neutral sources with CO; into fuels or methanol.

A power-to-liquids project consists of the following main process steps:

- The capture of CO, from the flue gases of power plants or other industrial sources
- The production of hydrogen by water electrolysis using carbon neutral electrical energy
- The catalytic conversion of CO, with hydrogen to form CO (carbon monoxide)
(RWGS — Reverse Water Gas Shift) for further conversion to methanol or fuels using
additional hydrogen

Renewable methanol can be produced according to the following chemical reaction:
CO- + 3 H: - CHsOH + HO0

The captured CO- should exhibit a sufficient purity for the subsequent catalytic reactions.
The currently biggest production of renewable methanol is located in Iceland where a
company operates a plant with a capacity of around 4,000 t/a. The plant uses geothermal
power to produce the required hydrogen and utilises CO, captured from a nearby geothermal
power plant to produce a CO-.rich syngas. Worldwide, several plants between 1,000 t/a and
200,000 t/a have already been in operation for several years or will be operated in the
coming years.The methanol produced is a basic chemical compound which can be used for
a variety of chemical conversions to other products, or can also be used as a fuel. For
example,in some countries, gasoline is blended with small percentages of methanol. With
projects like the HYNOVI (500 kt CO- /a converted to methanol), Westkiste 100 (up to 777 kt
CO- /a converted to hydro-carbons) and the finished European HORIZON2020 Project
“MefCO2”, big capacities will soon be operational. Similar to the power-to-gas concept, the
power-to-liquids concept is therefore also an interesting option for energy storage.

Another option for the power-to-liquids concept is the catalytic conversion of CO, with
renewable hydrogen to fuels:

nCO; + 3nH: — -(CH2)- + 2nHO

A German start-up company has built a demonstration plant which can produce up to one
barrel of fuels per day (petrol, diesel, kerosene). However, the economical feasibility is not
yet given. Nevertheless, several other projects (Rethinking Fuels” by the Ministry of
Transport Baden Wurttemberg) and companies e.g., “Twelve” (USA) or Nordic Electrofuel
(Norway) are aiming to improve and establish existing processes.

Impact on energy consumption

thermal: not applicable MJ/t cli electric: -91 to 94* kWhtt cli

*Energy consumption for the conversion of CO2 to Methanol, no influence on or part of clinker production

CO, emission reduction

direct: not applicable kg COy/tcli | indirect: 29 to 54~ kg CO2/t cli

*COz2 from electric power production with carbon footprint according to Annex I
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Material input

Hydrogen for MeOH production

0.1*

t/t cli

*Not used within the clinker production process

Technical Readiness

TRL 2022: 8 (low-temp; ASTM approval)

about: 2025

The main influencing parameters are

- Costs for electrical energy from carbon-neutral sources
- Costs for hydrogen production from carbon-neutral sources
-  Taxes and duties on the electrical energy

Cost estimation

applicability for industry at TRL >8 expected

Cost estima- New installation Retrofit
tion Investment Operational Investment Operational
[Mio €] [€/t cli] [Mio €] [€/t cli]
2020 188 to 196 347 188 to 196 347
2030 185 to 194 239 185 to 194 239
2050 178 to 186 158 178 to 186 158
Remarks:

- The costs for the installation of a power-to-liquids plant are the same — both for the
installation in an existing cement plant or in a new cement plant

- Calculations on investment and operational costs as well as material input were
performed with 100% of the emitted CO, from clinker production (1.4 Mio t CO-/a)

- Investment costs cover the CO; conversion including CO synthesis (RWGS), while no
capture system or electrolyser was considered

- While operation of a P2L plant is possible with all kinds of H>-gas, the only expedient
option is if it is generated with carbon-neutral power. Therefore, in the operational cost
estimation an assumed price of green Hz-gas is used

- Operational costs only include electricity and H>. demand and do not cover costs for
labour, insurance, cooling water, catalyst replacement etc.

- Operational costs are strongly dependent on the costs for hydrogen

- Investment costs will significantly decrease over the decades due to the development of
the manufacturing process (today specialised manufacturing, in future automated)

- The cost estimations do not include the revenues from selling the product

- Due to a lack of feasibility studies for PtL projects the given calculations were made
based on literature and most probable scenarios

Conditions, barriers, constraints, enabling framework

- Availablity of carbon-neutral power and green hydrogen
- Competitive market with methanol or fuels from traditional production processes
- No incentives for the production of renewable methanol or fuels
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4.52 Technology Paper No. 52: CO; use: Enhanced Oil or Gas Recovery
(EOR/EGR)

Enhanced oil or gas recovery (EOR/EGR) is the general term for various techniques which
can be applied to increase the recovery of oil and gas in depleted or high-viscosity oil or gas
fields. One of those possibilities is to inject CO; into these fields to boost the oil or gas
production. By this method, CO injection has the potential not only to increase the yield of
an oil or gas field, but also to store the injected CO- for example from carbon capture
projects. In contrast to other utilisation routes for CO;, there is already a market for CO, in
EOR/EGR and revenue can be achieved for the supply of CO; to oil and gas producers.

Globally, this technology has been predominantly applied in oil production up to now. Around
5 to 40% of the oil in a reservoir can be produced with the so-called primary production
(natural reservoir drives are used to recover the oil) and an additional 10 to 20% with the
secondary production, which would include water flooding of the reservoir. EOR technologies
(also known as tertiary recovery) are applied to further improve the recovery factor of an oil
field, so that an additional 7 to 23% can be produced, which otherwise would be inaccessible
(immobile oil).

EOR technologies include the injection of different agents into the reservoir to extract
immobile reserves of oil. CO, can be used, but also steam, chemicals or polymers. In the
case of CO2, most of the injected CO; returns back to the surface with the pumped oil, where
it has to be recycled for another injection process. At the end of the oil recovery the injected
CO; has to be retained in underground storage. In this case, further requirements have to be
met, e.g. a minimum reservoir depth.

EOR is a mature technology and has been used in many oil fields worldwide, mostly in the
USA and in Canada. Up to now, most of the CO; for EOR projects has been provided from
naturally-occuring underground reservoirs. However, today captured CO, from industrial
sources (e.g. from the power sector, cement or steel industry) can also be utilised to boost oil
production. Up to now, there are no implemented projects using captured CO; from cement
plants, while power plants (Boundary Dam Power Station (Canada), Petra Nova (United
States) or Weyburn-Midale (Canada))are already making use of this possibility.

Long-term experience has been available for more than 40 years from different projects, e.g.
from the Weyburn Project (Saskatchawan/Canada), where 8,500 t/d have been injected into
a depleted oil field. In this case, each tonne of injected CO; increased the oil production by 2
to 3 barrels.

The further utilisation of captured CO: for EOR does not affect the energy consumption of the
clinker burning process. However, the energy demand of the applied capture technology has
to be taken into account.

Impact on energy consumption

thermal: not applicable MJ/t cli electric: not applicable kWht cli

CO- emission reduction

direct: not applicable kg COy/tcli | indirect: not applicable kg CO2/t cli
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Material input

not applicable tit cli
Technical Readiness
TRL 2022: 9
The main influencing parameters are
- Pipeline specifications (CO; purity)
- Competitive market with CO; from natural sources
Cost estimation
Cost estima- New installation Retrofit
tion Investment Operational Investment Operational
[Mio €] [€/t cem] [Mio €] [€/t cem]
2020 not applicable | not applicable not applicable not applicable
2030 not applicable | not applicable not applicable not applicable
2050 not applicable | not applicable not applicable not applicable
Remarks:

- Inthe past, the CO; supply price was mainly dependent on the current oil price and
varied between 10 and 30 US-$/t CO;in the past 30 years. In the future, this price will
develop with the need to store CO; from industrial sources on the one hand and on the
availability of storage and infrastructure capacity on the other hand.

Conditions, barriers, constraints, enabling framework

- Various local requirements, e.g. oil or gas reservoirs, CO; sources, transport
infrastructure etc.
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4.53 Technology Paper No. 53: CO; use: Algae capture and fuel production,
biofuels

The mitigation of CO; by algae, which absorb CO; and convert it via photosynthesis to
biomass is an option to produce biofuels or fish and animal feed. CO- containing flue gas
streams from power plants or cement plants can be used as a source for microalgae
cultivation. Microalgae are water-based organisms which grow in fresh, saline or brakish
seawater or wastewater. They grow through photosynthesis and their development requires
light, CO2, water and some mineral salts. In principal, microalgae differ in shape, size,
chemical structure, composition and colour, and can be classified in different categories.
Such microalgae can be grown in open systems (unstirred or stirred ponds) or closed
systems (tubular or flat panel reactors). Productivity can be increased by fertilizers.

The algae can be harvested, dried and used as a renewable fuel to replace fossil fuels in
different applications. Another option is the further processing into 3™ generation biofuels,
animal feed, proteins, lipids, antioxidants, etc., which have higher market value. Biogas is a
by-product of the process, which can be used for supplying heat or electricity back into the
process. Biomass remaining after fuel extraction can be used for the production of chemicals
or animal feed. For biofuel production it is important that the required electrical energy for all
process steps is sourced from carbon neutral ones, otherwise the process would be
associated with additional CO. emissions. The space requirement for an algae project is
high: a 6,000 t/d cement kiln with an annual CO; output of 1.37 Mio. t would have space re-
quirement for algae cultures of up to 140 km? (using Chlorella), depending on the character-
istics of the microalgae. However, the production of fish and animal feed by microalgae can
significantly save the need for arable land, e.g. in comparison to growing different kind of
crops. As the illumination is more efficient and the productivity is higher in closed reactors,
the space requirement is also lower compared to open pond systems.

Several small-scale trials with algae CO; capture have been carried out in the cement
industry, e.g. in cement plants in Morocco, Sweden, Turkey, France, Canada, Brazil,
Portugal, etc. The tests with real flue gas from cement kilns showed that the algae were not
affected by the impurities of the flue gas. Furthermore, a sufficient growth rate of the algae
was found. Another microalgae project on a larger scale is performed in a Taiwanese cement
plant with a 20 hectare production. Through this, the CO, emissions of the cement plant
could be reduced by 4,800 t/yr.

Impact on energy consumption

thermal: increase; exact MJ/t cli electric: increase; exact kWhtt cli
figures not available figures not available

Remark:

- The required electricity for algae cultivation has to be sourced from carbon neutral
energies.

CO- emission reduction

direct: | decrease upto 750 | kg COy/tcli | indirect: not applicable kg CO2/t cli

Remark:

- max. 90% capture is assumed, but space requirement may prevent this.
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Material input

water, nutrients exact figures not available | t/t cli

Technical Readiness

TRL 2022: 7

applicability for industry at TRL >8 expected about: 2030

The main influencing parameters are

- Composition of the flue gas, trace components (e.g. SO, NOx)
- Temperature, pH value, type of nutrients
- Algae physiology

Cost estimation

Cost estima- New installation Retrofit
tion Investment Operational Investment Operational
[Mio €] [€/t cem] [Mio €] [€/t cem]
2020 not available | not available not available not available
2030 not available | not available not available not available
2050 not available | not available not available not available
Remarks:

- Investment costs are not yet predictable, since all existing projects are still on a R&D
level and the scaling up process ongoing.

Conditions, barriers, constraints, enabling framework

- Large land areas are required for algae cultivation

- Large quantities of nutrients are required
- Only operable with sufficient light
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4.54 Technology Paper No. 54: Natural Carbonation

Carbonation is the formation of calcium carbonate from calcium-containing hydration products
in the hardened cement paste of concrete. In this process, calcium silicate hydrate (CSH) and
portlandite (Ca(OH).) react with CO, from the air under alternating humidity conditions (in par-
ticular at relative humidity around 50%) to form calcium carbonate. The carbonation of Ca(OH)-
to CaCOs leads to a volume increase of about 11% and consequently to the densification (de-
crease of pore volume by up to about 25%) and the increase of the strengths of the hardened
cement paste by up to 50%. The carbonation of the CSH phases is rather associated with a
decrease in volume, so that hardened cement paste ultimately shrinks as a result of carbona-
tion. Due to carbonation the pH value of the pore solution drops from about 13.5 to below 9.
At pH values lower than 11.5 the passivation layer of the reinforcing steel is getting lost and
the reinforcement may corrode. The rate of carbonation is low in normal concrete under ambi-
ent conditions (0.04% CO- in air) and usually only a few centimetres of the concrete cover are
affected by carbonation during the service life of concrete.

In its report published in August 2021, the Intergovernmental Panel on Climate Change (IPCC)
recognised and quantified the carbonation of cement-bound building materials as a "carbon
sink" for the first time. The report refers to the paper from Xi et al. who estimated that carbon-
ation of cementitious materials offset CO, emissions equivalent to an amount of 43% of CO;
process emissions from cement production.

To quantify natural carbonation, Andersson et al. chose an approach according to which the
CO; uptake of cement-bound building materials in a country or region is compared with the
CO2 emissions from cement production in the same period. Three different levels with varying
degrees of accuracy are proposed.

- Tier 3 determines the annual CO, uptake of the existing building stock using extensive
knowledge of the historical use of cement in its various applications

- Tier 2 has a lower accuracy and can be applied if data on cement and concrete use are
only available for a few years. For cases where neither the data basis for calculations
according to Tier 3 nor according to Tier 2 is available, a simplified procedure (Tier 1) is
proposed

- InTier 1, the annual CO uptake of a country's cement-bound building materials in the
use phase can be estimated at 20% of the CO, process emissions from calcination in
the respective year. The annual CO- uptake at the end of life (i.e. during and after
building demolition) in this Tier is 2% and that in secondary use is 1%. Overall, 23% of
the annual CO; process emissions of cement production are thus bound by carbonation.
The above percentages were determined via the evaluation of seven published studies
that fulfil the requirements according to Tier 3 or Tier 2

While according to the CO; absorption of the entire building stock of a geographical region is
estimated, for life cycle assessments, it is of interest how much CO- individual concrete com-
ponents can absorb as a function of time. Annex BB of EN 16757 gives information that can
be used to estimate the CO, absorption of cement-bound building elements. For the use phase
of concrete elements, a detailed calculation method is provided which allows to estimate the
progress of the carbonation front and the corresponding CO; uptake with time, based on the
concrete strength, the exposure conditions and cement constituents or concrete additions
used.
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According to the standard, the CO- uptake in kg per m? concrete surface during t years can
be calculated as

€0, uptake = k * (Ve / 1000} * ¥, *c*(b, )

In this formula, Ui is the maximum theoretical uptake in kg CO2/kg cement, For Portland ce-
ment (CEM I), the value of Ui, is given as 0,49 kg CO,/kg cement. C is the cement content in
kg/m? of concrete. k is a factor describing the carbonation rate [nm/year®®] and D. the degree
of carbonation [%]. For both k and D, values are provided in the standard.

With this formula, e.g. the CO2 uptake of a civil engineering structure — (Concrete strength
class C40/50, 400 kg CEM | per m®) with surfaces exposed to rain is calculated as 1,8 kg/m?
over a service life of 100 years.

For concrete exposed to a dry indoor air climate and covered with paint or wall paper (strength
class C25/30, 280 kg CEM | per m?), the CO. uptake is calculated as 2,5 kg/m?over a service
life of 100 years.

Moreover, Annex BB of EN 16757 addresses the carbonation potential after the use phase:
the CO, uptake during the ,end of life” (i.e. demolition, crushing and stockpiling) phase of con-
crete largely depends on the waste handling and the storage of the crushed concrete. Whether
crushed concrete is landfilled or whether it is recycled and replaces primary material may also
have a decisive influence on the carbonation potential. Estimates are provided in the standard
on the potential carbonation during these life cycle stages.

Carbonatable calcium fractions from pozzolanas such as fly ash or from latent hydraulic ma-
terials such as ground granulated blast furnace slag in cement are neglected in [2] when de-
termining the carbonation potential. As a conservative approach, only the reactive calcium of
the Portland cement clinker is considered for carbonation.
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4.55 Technology Paper No. 55: Enforced (re)carbonation/mineralisation

During its use, concrete reintegrates CO- in a natural and slow way to an amount which cor-
responds - in a conservative estimate - to approx. 20% of the CO> emitted from the limestone
during clinker production. In this process, calcium silicate hydrate (CSH) phases and port-
landite (Ca(OH).) are carbonated. The rate of carbonation is low in normal concrete and be-
cause it is diffusion controlled it closely follows the square root of time function. Most con-
crete elements have a dense structure, so that even after many decades usually only a few
centimetres of the concrete cover are affected by carbonation. A dense concrete cover there-
fore protects the reinforcing steel from corrosion and ensures durable reinforced concrete el-
ements (see Technology Paper No. 54).

According to the assumptions mentioned above, about 80% of the hardened cement paste in
concrete elements is not carbonated at the end of service life this either represents a poten-
tial CO- -free calcium source (see Technology Paper No. 20) or has the potential to reincor-
porate further CO- (the focus of this paper). In principle, CO to an amount released during
the calcination of the limestone in the production of clinker can be re-incorporated. In addi-
tion, there is a CO; binding potential of non-clinker-based CSH phases or unreacted carbo-
natable fractions of latent hydraulic or pozzolanic materials such as granulated blast furnace
slag or fly ash. The finer the hardened cement paste, the faster it can uptake CO, under ap-
propriate moisture conditions.

Currently, various processing methods for separating fine hardened cement paste and ag-
gregates from waste concrete are being tested in the industry (e.g. electrodynamic fragmen-
tation in combination with various crusher stages). In the case of stockpile storage of sepa-
rated hardened cement paste, only the outer centimetres of the stockpile usually carbonate,
so that the carbonation potential of the material should remain largely intact over a longer pe-
riod of time. Through CO, - and moisture treatment - so-called enforced carbonation or min-
eralisation - further CO2 can be incorporated into the hardened cement paste many times
faster than by the slow, natural carbonation process. Technologies for enforced carbonation
are being further developed (e.g. with CO; -saturated steam or flue gases) which enable very
rapid carbonation of the hardened cement paste fraction. Depending on the grain size and
porosity of the recycled hardened cement paste, moisture contents of around 5 to 10 mass %
and temperatures between 40 to 60 °C usually ensure rapid carbonation, which can be
further accelerated by pressure. Higher temperatures significantly reduce the solubility of
Ca(OH); and thus the progress of carbonation. With appropriate moisture and CO; condi-
tions, fine-ground cement paste can be carbonated to around 80% after around 15 minutes
and almost completely after 2 hours. High carbonation rates can also be achieved with flue
gas compositions that are common in cement plants (approx. 20% CO.). After the carbona-
tion of Portlandite, the calcium from the CSH phases reacts with CO- to form calcium car-
bonate and an amorphous alumosilicate gel, which can have pozzolanic properties. Fine
ground, carbonated cement paste can be used as a cement main constituent with properties
at least comparable to limestone or even with pozzolanic properties.

The pozzolanic activity leads to a phase formation similar to composite cements containing
fly ash and limestone and can improve the compressive strength of cement even at early
ages (see Technology Paper No. 40).

In principle, industrial systems for the carbonation of crushed concrete or hardened cement
paste and for concrete product treatment already exist such as e.g. curing chambers with
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steam and/or CO.. Nevertheless, enforced carbonation of crushed concrete or hardened
cement paste is not yet being operated on an industrial scale. First pilot projects exist and
some development work is necessary to adapt existing systems to enforced carbonation.

Enforced carbonation of hardened cement paste has the potential to be a promising CCU
technology for the cement industry and could be a additional key element on the way to the
circular economy of cement and concrete. On the one hand, CO, can be incorporated, and
on the other hand, a material is produced that can be used as a (possibly pozzolanic) cement
constituent to reduce the clinker factor (see Technology Paper No. 40).

Challenges are certainly the large quantities of material to be handled. For one tonne of
(pure) hardened cement paste, theoretically about 5 t of crushed concrete have to be
processed. The separation of crushed concrete during demolition and the separation of the
hardened cement paste from the aggregate must be assured. For processing and
appropriate interim storage, areas are needed as close as possible to the demolition site or
the cement plant (transport). The CO; treatment process should be designed for a high
throughput (high CO; uptake with the shortest possible retention times) similar to a cement
kiln. For a direct use of flue gases from cement kilns for CO,-treatment, the local proximity
between the waste concrete processing and the cement plant would be of great advantage.

Compared to the existing recycling practice of concrete, new source streams must be
initiated which take into account the complete reuse of materials used in crushed concrete
for the production of new fresh concrete (recycled aggregates) as well as for clinker and
cement production (recycled cement paste).

In addition to the complete carbonation or / mineralisation of hardened cement paste from
crushed concrete, there are also approaches in which partial carbonation of hardened ce-
ment paste in fresh or young concrete is used to various degrees for strength improvement
and CO; storage, which are briefly discussed below.

Use of CO; to mineralise CaCQOs crystallites in fresh concrete

During mixing ca. 0,1 — 0,3 mass-% of CO; (related to cement weight) are injected into the
fresh concrete. The CO, reacts with calcium ions in fresh concrete and forms calcium car-
bonate seeds, which can improve the further hydration process to a certain extent as a kind
of admixture. The effective CO- incorporation for an average concrete with 300 kg of cement
per cubic metre is between 0.3 and 0.9 kg of CO; per cubic metre.

Further CO, savings can be achieved indirectly by reducing the cement content in the con-
crete, taking advantage of the improved hydration through seeding. Typical cement reduc-
tions are approx. 5 mass-%.

Use of CO; to carbonise concrete elements

In this process, unreinforced precast elements or concrete products such as concrete
masonry blocks or pavers, are treated with steam and CO: to increase the early strength and
to incorporate CO.. This is usually done after demoulding and after few hours of drying.
Depending on the dimensions of the concrete element, the duration of the treatment (several
hours) and the CO. concentration and pressure, CO, absorption of up to 35 mass-% in
relation to the cement mass is reported. Enforced carbonation can lead to an increase in
early strength of concrete. The further strength development results from ongoing hydration
of the binder. There is little knowledge about the effects of such CO- treatments on further
hydration or on the influences on durability aspects.
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The natural carbonation potential is assumed to be widely exhausted by enforced
carbonation. Further carbonation will only occur after crushing. This type of enforced
carbonation is used in a few countries to a very limited extent, e.g. China, India.

More common in the production of unreinforced concrete elements such as pavers, is the
use of CO, treatment chambers. Mostly only the upper millimetres of the concrete surface
are carbonated quickly by means of a short CO; treatment in order to effectively reduce the
efflorescence tendency of concrete products.

For all COz-treatment systems, the highly corrosive effect of the resulting carbonic acid on
metal elements must be taken into account.

A special form of hardening via the carbonation of unhydrated calcium silicates (e.g.
Wollastonite) is described in Technology Paper No. 44.

Impact on energy consumption

thermail: not applicable MJ/t cli or electric: | not applicable kWhtt cli or
MJ/t cem kWh/t cem
CO2 emission reduction
direct: not applicable kg COy/t cli or | indirect: | not applicable | kg CO./t cli or
kg CO./t cem kg CO./t cem

Material input

amount of
material

not relevant t/t clior

t/t cem

Technical Readiness

- Industrial systems for the processing of waste concrete (crushing, separating):
TRL 2022: 9 (Improvement in hardened cement paste separation necessary; target:
complete separation of natural aggregates from hardened cement paste)

- Industrial systems for the enforced carbonation of waste concrete or hardened cement
paste and for concrete product treatment
TRL 2022: 6
TRL 2030: 9

The main influencing parameters are

- Circular economy: selective demolition of concrete structures, collecting and processing
of waste concrete, separation/recycling of aggregates on demolition site;
transport of hardened concrete paste to CO; treatment & cement production (both in
cement plant), natural carbonation during transport or storage reduces the effects of
active carbonation (less pozzolanity)

- High transport costs if concrete has to be transported to the cement plant for crushing,
separating and CO- treatment
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Cost estimation

Cost estima- New installation Retrofit

tion Investment Operational Investment Operational
[Mio €] [€/t cem] [Mio €] [€/t cem]

2020 not applicable not applicable | not applicable not applicable

2030 not applicable not applicable | not applicable not applicable

2050 not applicable not applicable | not applicable not applicable

Conditions, barriers, constraints, enabling framework

Currently, crushed waste concrete from constructions is used for the production of
cement and concrete only to some degree in a some regions; crushed concrete is
instead mainly used for road substructures

Processing (separation, crushing, fractionation etc.) of waste concrete must be improved
in order to obtain recycled concrete fines; Source stream must be established

Long transport distances from demolition site (processing) to CO; treatment and cement
production

Systems for enforced carbonation must be further developed, especially in the
neighbourhood of existing cement plants for the use of flue gases (higher CO2 uptake,
lower retention time)

Carbonation potential mainly depends on calcium-containing phases in cements, such
as clinker, slag etc.

Corresponding infrastructure for processing of waste concrete, an adequate quality
assurance and transport systems must be established
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5 Annex I: Key assumptions

Technical and financial calculations are based on the following key assumptions:
Cement plant:

One reference plant based on GCCA/GNR data, GNR-2019 world average:

Kiln type: Predominantly characterised as dry process

- 66% dry process with preheater and precalciner (PHPC)
- 20% dry process with preheater (PH) without precalciner
- 14% mixed kiln types (incl. 2% long dry, 2% semi-wet/semi-dry, 2% wet/shaft)

CO. emission reduction potential:

- Direct CO; emission changes (decreases and increases) refer to the original CO,
intensity of the reference plant (832 kg fossil CO /t clinker) resulting from the technology
application in the production process of the cement plant.

- direct CO, emission reduction potential =
reference fossil CO, emissions — remaining fossil CO, emissions of technology scenario

- For the CO; capture technologies the remaining CO; emissions integrate CO; generated
to meet additional energy demand in the capture process and the applicable capture
rate, which is assumed at 95% in most scenarios.

- Indirect CO, emissions relate to changes in the use of electricity. This CO; is generated
outwith the cement plant and its processes.

- Captured CO: refers to the total amount of processed CO; exported from the capture
plant installed in or next to a cement plant. The amount captured integrates CO-
originating from additional fuel use and biogenic CO; of alternative fuels. It excludes CO>
vented as remaining flue gas.

Prices/costs:

- No inflation, 2020 cost basis

- Based on world averages and future estimates (fuel, electricity, investment, operational
cost)

- Future price development of fuels and electricity based on IEA (World Energy Outlook
2021), ECRA industry expert interviews and MPP assessment, see also Annex |l
(performance data of reference plant)

- Indicated material inputs included in estimated operational cost

- For certain technologies, especially the use of alternative fuels, alternative raw materials
and other main constituents, central European technology experience and conditions
were taken as a basis

- No depreciation of investment considered in operational cost

- No COs cost effect of emission trading or taxes, etc.

- No learning rates for existing, well-known technologies
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6 Annex lI: Performance data of reference plant and cost figures used

Definition of reference plant (Global average data of GCCA Roadmap and GNR-2019 data

used for ECRA Technology Papers 2022)

Reference plant
Parameter Unit (state of the art plant)
2020/ 2030/ 2050
kiln type - dry process
clinker annual capacity t clilyear 2 Mio.
clinker capacity t cli/day 6000
clinker production t clilyear 1.63 Mio.
cement production t cem/year 2.25 Mio.
clinker/cement factor t cli/t cem, % 72.4
clinker/cement factor, reference in Technology Papers
on supplementary cementitious materials in cement t cli/t cem, % 95
raw meal/clinker factor t RM/t cli, --- 1.55
fuels: (validated to fuel energy requirement)
- fossil fuel (coal) % thermal energy 93.6
- alternative fossil fuels % thermal energy 4.4
- alternative biomass fuels % thermal energy 2.0
specific fuel energy demand MJ/t cli 3352
specific electric energy demand kWh/t cem 102
share of electric energy demand for clinker production % 50
specific electric energy demand for clinker production kKWhtt cli 70
specific CO2 emission of electricity production t CO2/MWh 0.563/0.303/0
electric energy cost €/MWh 93/100/82
. . ) . €/t cli 6.5
specific electric energy cost for clinker production
gross COz2 per t clinker kg fossil CO2/t cli 832
process CO:z per t clinker kg fossil CO2/t cli 536
gross COz2 per t cement(itious) kg CO2/t cem 603
gross CO2 generation t fossil CO2 1.36 Mio.
biogenic CO2 from alternative biomass fuels t biogenic CO2 16,000
fuel costs (coal) €t 117 /117 /1117
energy specific fuel costs (coal) €/GJ 45/45/4.5
fuel costs (natural gas) €/GJ 44/3.6/3.2
fuel costs (hydrogen) €/kg 3.2/22/15
fuel costs (hydrogen) €/GJ 27/18/12.5
alternative fuel cost €t 28/28/19
alternative fuel cost €/GJ 15/15/1
investment costs gn’\:llll,uoa.lcclzlanpl)(:cr:ity €/t a“nl\'-/l“a; c€apacity :1:238
investment costs 1 Mio. cIinker_ €/t annual capacity 210
annual capacity Mio. € 210
investment costs 0.5 Mio. cIinkgr €/t annual capacity 310
annual capacity Mio. € 155
operational costs (excl. depreciation) €ltcli 21.5
exchange rate for US Dollar/Euro Us $/€ 1.15
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8 Annex IV: Definition of TRL (Technology Readiness Level)

The Technology Readiness Level is assessed for application of the technology in cement
plants at scale. This is related to a reference plant, which is described in Annex Il. Additional
detail on the status of the technology and its potential scale is provided in the text of each
technology paper.

TRL Description

TRL 1 Basic principles observed

TRL 2 Technology concept formulated

TRL 3 Experimental proof of concept

TRL 4 Technology validated in lab

TRL 5 technology validated in relevant environment (industrially relevant envi-

ronment in the case of key enabling technologies)

TRL 6 Technology demonstrated in relevant environment (industrially relevant
environment in the case of key enabling technologies)

TRL 7 system prototype demonstration in operational environment
TRL 8 System complete and qualified
TRL 9 Actual system proven in an operational environment (competitive manu-

facturing in the case of key enabling technologies; or in space)
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