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Cement productionis amain source of carbon emissions. Decarbonization
options exist, but their climate change mitigation potential, feasibility

and environmental implications are still unclear. Here we assess 15
decarbonization options for the European cement industry under current
and future conditions. Climate impacts per tonne of clinker produced today
in European countries vary between 832 and 1,075 kg CO,-equivalents.
Decarbonization options at various maturity levels can mitigate between

7 and 135 Mt CO,-equivalents per year (4-108% of today’s annual emissions
from European cement plants), with arange of synergies and trade-offs.
Solutions such as alternative fuels or technological improvements reduce
climate impacts up to 30%, while amix of ambitious complementary measures
achieves a mitigation of about 50% by 2050. Only rapid and large-scale
implementation of carbon capture and storage can approach climate
neutrality. Carbon capture for production of e-fuels presents no significant
mitigation benefits while itincreases other environmental impacts.

Cement is a main construction material in modern societies. World-
wide, 30 billion tonnes of concrete are annually produced’, resulting in
about 2.3 billion tonnes of CO, emissions (6-8% of global emissions)®.
Following the European ambitions to become climate neutral, the
cement sector faces transformational challenges to cut its CO, emis-
sions. Amain challenge is the production of clinker, the main constitu-
ent of cement formulations. About 60% of CO, emissions from clinker
production come from calcination reactions converting limestone to
calcium oxide, with the remaining emissions originating from combus-
tion of fuels (predominantly coal) and process operations®*. Because of
theinherent challenges to reduce emissions from clinker production,
the cementindustryisamain contributor to future residual emissions,
hard-to-abate emissions that probably require compensation via car-
bonremovalsin a net-zero future’.

Existing mitigation measures in the cement industry include
changes in fuel use®®, clinker substitution®'° and carbon capture
and storage (CCS)" ¢, and effects of their implementation have been

investigated at global**", European'?° and national”* scales. There
is a large variability in outcomes, depending on the considered miti-
gation option, technology, fuel mix and plant location, among other
factors. CCS, atechnology now reaching commercial scales, typically
provides larger climate benefits than more conventional mitigation
options, such as energy efficiency or alternative fuels. Trade-offs with
other environmental aspects, especially human health, energy use
and water depletion, have been observed for some decarbonization
options, especially CCS**"*?>% The utilization of CO, captured at
cement plants is often promoted to reduce mitigation costs**”, but
analyses are still limited and effective climate benefits unclear®?%,
Demand-side options that reduce the clinker use in buildings also exist
and could achieve about one-third of the potential emissions savings
of supply-side measures® 2,

Existing studies assess mostly one or a few decarbonization
options at the time and do not typically integrate changes in cement
plants within a context of dynamic technical and socioeconomic
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aspects, such as those involved in ongoing transformations of elec-
tricity and energy systems. When a broader view is considered, aver-
age factors and simplified approaches are often used, and sometimes
alife-cycle perspective to capture direct and indirect effects across
multiple sustainability dimensions is missing. A prospective analy-
sis quantified the average climate benefits of some decarbonization
options for anidealized European cement plant'®, butimplications for
other sustainability aspects, differences across countries and mitiga-
tion potentials at a continental scale remain unexplored. These limi-
tations hinder an understanding of how multiple measures compare
with each other and how much they contribute (either individually or
combined) to reduce emissions from the European cement sector.
With climate change being only one of many sustainability challenges,
acomprehensive assessment should include multiple environmental
dimensionsto facilitate an early-stage identification (and prevention)
of potential trade-offs**, Abottom-up and future-oriented life-cycle
assessment (LCA) integrating cement production plant datawithawide
set of decarbonization measures can unravel mitigation potentials and
barriers of a sustainability transition in Europe.

In this Article, we assess the sustainability implications at a con-
tinental and country-level resolution of implementing a range of cli-
mate change mitigation options in the European cement industry up
to 2050. Relative to a business-as-usual development of the sector,
15 decarbonization options (Table 1) made of individual measures
(for example, alternative fuels such as biomass, natural gas or hydro-
gen; technological improvements; clinker substitution; CCS; carbon
capture for production of electrofuels (e-fuels)) and their combinations
(for example, alternative fuels and CCS) are assessed and their climate
change mitigation potential quantified and compared. The analysis
includes other environmental aspects at risks of trade-offs with mitiga-
tion”'”* such as fossil fuel use, water depletion and human health,
and an overview of the techno-economic challenges of each option,
with an evaluation of technology maturity and costs. The mix of plant
technologies currently used for clinker production in each European
country is considered, with the associated specific emission factors
of air pollutants and plant requirements of energy, fuel and water
inputs. Projections of future changes in technical and socioeconomic
conditions are explicitlyembedded by integrating scenario datafrom
integrated assessment models (IAMs) with LCA background processes
(Methods). A Monte Carlo uncertainty analysis explores the robustness
of the results to a variety of process factors and model uncertainties.
Results are presented as statistical outcomes from10,000 repetitions
of the analysis performed by randomly selecting any possible value
within the uncertainty ranges.

Results

Current environmental impacts

Life-cycle climate impacts from today’s clinker productionin Europe
vary by country, primarily because of variability in technology, shares
of alternative fuels and electricity mixes (Fig. 1). The weighted average
impact of European clinker production is 926 + 33 kgCO,-equivalent
(CO,e) per tonne (mean + 5th/95th percentiles), but impacts range
from 832 + 29 kgCO,e in Norway to 1,075 + 30 kgCO,e in Estonia
(Fig.1a). Estonia, Lithuaniaand Bulgaria have the most carbon-intensive
clinker production because they combine energy-intensive technolo-
gies, such as wet/shaft kilns or dry kilns without pre-calciner, with
a fossil-intensive electricity supply. Conversely, Norway, Sweden
and France benefit from relatively low-carbon electricity mixes and
efficient kiln technologies. Uncertainty ranges are typically larger
in countries with higher shares of older technologies. On average,
the calcination process is the main source of life-cycle carbon emis-
sions. The fuel used for heat supply emits about three-quarters of the
remaining emissions, followed by electricity consumption for plant
operations. The contribution from transport emissions is very limited
(from 0.1% in Italy to 1.5% in Lithuania).

Table 1| Description of the decarbonization options for the
cement industry evaluated in this study

Option Description

1 BAU Changes (for example, electricity mix, fuels,
raw materials) in background systems occur
until 2050 according to projections for Europe
under a business-as usual case in line with the
SSP2-Base scenario. No direct changes happen

to the clinker production process.

2 BAU_2C As above, but the projected changes are those
of an SSP2 scenario where the global average
temperature rise from pre-industrial times is

kept below 2°C.

3 Tech All the kiln process technologies are changed
to dry with preheater and pre-calciner, thermal
energy efficiency improves 17%, and electricity
consumption efficiency increases by 48% in

relation to the current situation.

4 CCR CCR decreases from 75% to 65% in relation to
the current situation in the European Union and
to the changes in cement demand resulting
from future projections in use of cement and

population growth.

5 RDF The current share of alternative fuels is
increased to 90% by using additional RDFs,
and the remaining 10% is based on fossil
fuels (maintaining the same proportional mix

as today).

6 Bio The current share of alternative fuels is
increased to 90% by using additional biomass
from agricultural and forest residues, and

the remaining 10% is based on fossil fuels
(maintaining the same proportional mix

as today).

All current use of solid and liquid fossil fuels is
changed to natural gas.

All current use of solid and liquid fossil fuels
is changed to hydrogen produced from
electrolysis with the current electricity mix
of Europe.

9 OxyCCS All the kiln process technologies are changed

to oxyfuel CCS.

10 OxyCCS2G All the kiln process technologies are changed

to second-generation oxyfuel CCS.

n Oxy-Efuel All the kiln process technologies are changed
to oxyfuel, and the captured carbon is used
to produce e-fuels that are used to replace
liquid fossil fuels in transport (avoided
emissions), considering hydrogen produced
via electrolysis using the European electricity
mix in 2050 as projected by BAU_2C.

12 CombOxyCCS+RDF
13 CombOxyCCS+Bio
14 CombOxyCCS+H2

Combination of options 2+3+4+5+9,

Combination of options 2+3+4+6+9.

Combination of options 2+3+4+8+9.
Hydrogen is produced via electrolysis using
the European electricity mix in 2050 as
projected by BAU_2C. Oxygen co-produced
from electrolysis is used in the oxyfuel,
reducing the oxygen demand from the air
separation unit.

15 CombOxy-Efuel+RDF
16 CombOxy-Efuel+H2

Combination of options 2+3+4+5+11.

Combination of options 2+3+4+8+11.
Hydrogen is produced via electrolysis using
the European electricity mix in 2050 as
projected by BAU_2C. Oxygen co-produced
from electrolysis is used in the oxyfuel,
reducing the oxygen demand from the air
separation unit.

See Supplementary Table 2 for a more-detailed discussion of the relevance of each option.
SSP, shared socioeconomic pathway.
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Fig.1| Environmental impacts of today’s clinker productionin different
European countries. a, Breakdown of climate change impacts (GWP100) by
process stage, where uncertainty ranges refer to the 5th and 95th percentiles
from the Monte Carlo uncertainty analysis (n =10,000), and the bar height
indicates the mean. b,c, Average environmental impacts per tonne of clinker
by country (b) and overall impacts per year, taking into consideration clinker
production volumes in each country (c). AT, Austria; BE, Belgium; BG, Bulgaria;

HR, Croatia; CY, Cyprus; CZ, Czech Republic; DK, Denmark; EE, Estonia; EUR,
European average; Fl, Finland; FR, France; DE, Germany; GB, Great Britain;
GR, Greece; HU, Hungary; IE, Ireland; IT, Italy; LV, Latvia; LT, Lithuania; LU,
Luxembourg: NL, Netherlands; NO, Norway; PL, Poland; PT, Portugal; RO,
Romania; SK, Slovakia; SI, Slovenia; ES, Spain; SE, Sweden; CH, Switzerland;
DALY, disability-adjusted life year.

Although climate impacts vary with climate metrics (Supple-
mentary Fig. 1), the relative scores among the different countries
remain largely unchanged. This occurs because climate impacts are
highly driven by CO, emissions, with relatively low contributions from
non-CO, greenhouse gases suchas CH,and N,O (whose climate impacts
are more sensitive to alternative metrics than CO,).

For other impact categories, relatively higher fossil fuel use per
tonne of clinker is observed in Greece, Estonia and Bulgaria, primarily
because of higher shares of older clinker technologies, carbon-intensive
electricity mixes and low alternative fuel use (for example, only 7% in
Greece) (Fig.1b). Greece, Bulgaria and eastern European countries in
general have higher human health impacts per tonne of clinker due
to the larger fraction of coal in their electricity mix. For water deple-
tion, Mediterranean countries show the highest impacts per unit of

clinker. Thisis driven primarily by the relatively higher water scarcity
in these countries, making water consumption to run cement plants
more impacting onlocal water resources than in water-rich countries
(suchasinnorthern Europe).

When total impacts are scaled by national annual clinker pro-
duction volumes (Supplementary Table 1), life-cycle emissions from
today’s European cement plants are about 124 MtCO,e yr, which
is approximately 5% of total annual emissions in Europe (or 15% of
emissions from the industry sector) (Fig. 1c). Being the first Euro-
pean producer, Germany shows the highest impacts in climate
change and human health. Fossil fuel use is the highest in both Italy
and Germany. Particularly for Italy, in addition to large production
volumes (it is the second-largest producer), there is a relatively
low share of alternative fuels (about 15%). Water depletion impacts
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Fig.2| Changes in environmental impacts relative to current clinker
production that can be achieved by a fullimplementation of various
decarbonization options. a,b, European averaged results for each individual
measure (a) and selected combinations based on CCS (b) or Oxy-Efuels (c).
Uncertainty ranges refer to the 5th and 95th percentiles from the Monte Carlo
uncertainty analysis (n =10,000), and the bar height indicates the mean. Results
forindividual countries are in Supplementary Tables 3-6. BAU, evolution of
background systems in line with a business-as-usual development; BAU_2C,
evolution of background systems in line with a development where global
temperature rise stays below 2 °C; Tech, clinker production technology
changed to best available technology; CCR, reduced clinker-to-cement ratio;

Relative change in impact (%)

RDF, increased use of RDF as fuel; Bio, increased use of residual biomass as
fuel; NG, increased use of natural gas as fuel; H2, increased use of hydrogen

as fuel; OxyCCS, implementation of oxyfuel CCS technology; OxyCCS2G,
implementation of second-generation oxyfuel CCS technology; Oxy-Efuel,
implementation of oxyfuel technology with use of captured CO, for e-fuel
production; CombOxyCCS+RDF, combination of options BAU_2C, Tech, CCR,
RDF and OxyCCS; CombOxyCCS+Bio, combination of options BAU_2C, Tech,
CCR, Bio and OxyCCS; CombOxyCCS+H2, combination of options BAU_2C, Tech,
CCR, H2 and OxyCCS; CombOxy-Efuel+RDF, combination of options BAU_2C,
Tech, CCR, RDF and Oxy-Efuel; CombOxy-Efuel+H2, combination of options
BAU_2C, Tech, CCR, H2 and Oxy-Efuel.

are higher for countries in southern Europe due to lower local
water availability.

Environmental effects of future decarbonization
The decarbonization options considered in the analysis are describedin
Table1(see Supplementary Table 2 for their relevance). Each optionis
independentlyimplemented and assessed in terms of changes relative
to the current situation to show the maximum potential effects that
can be expected from its full deployment in Europe and per country.
Implementing these optionsintoday’s situation of cement plants
in Europe has varying and sometimes contrasting environmental
effects on weighted average European impacts (Fig. 2; see Supple-
mentary Tables 3-6 for country-based results). Without changes in
the cement sector itself, the expected improvements in background

technical and socioeconomic conditions projected for 2050 under
a business-as-usual (BAU) scenario can deliver a mitigation of 8 + 3%
(Fig.2a).Inafuture scenario where global temperature stabilizes below
2°C(BAU_2C), background changes aloneinduce emissions reductions
of 11 +£ 3%. Synergies are observed with water depletion and fossil fuel
use, but there are higher health impacts (although with larger uncer-
tainty) from higher emissions of heavy metals to produce batteries,
photovoltaic panels and windmills for the 2050 energy mix.
Changing clinker production to the best available technologies
can achieve emissions reductions of 14 + 5% (Tech) relative to today.
Theseimprovements areimplemented at various intensities in differ-
ent countries, depending on their current technological situations.
Larger climate benefits occur where technologies currently have
more room to improve, such as in eastern European countries where
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emissions savings are higher than 40%. Tech also shows synergies with
otherimpact categories. Using a lower clinker-to-cement ratio (CCR)
decreases clinker use and can reduce carbon emissions of 12 + 3% after
accounting for projected changes in cement demand and population
growth. There are synergies with water depletion and trade-offs with
fossil fuel use and human health, primarily because of the increased
demand for cement products in countries with a carbon-intensive
energy supply.

Among the alternative fuels, a larger use of biomass (Bio) shows
more climate change mitigation (28 + 3%) than the use of non-biomass
alternative fuels, such as refuse-derived fuels (RDFs). The mitigation
potential depends on the current average use of alternative fuels in
each country. It is larger where coal use is higher and lower where
alternative fuels already represent a high fraction of the fuel mix. RDF
shows relatively small climate benefits (5 + 4%) becauseitis still largely
fossil based, and its combustion releases fossil carbon. Both Bio and
RDF offer climate change mitigation synergies withreductionsin other
environmentalimpacts. In practice, the real benefits of alternative fuels
are conditional to their local availability to reduce transport costs,
supportive regulations, risks of competition for the same feedstock
with other sectors and, especially for bio-based resources, their sus-
tainable supply. These aspects are frequently deemed to be harder
barriers to mitigation than technical limitations>*. Put into context,
thebiomass required by the theoretical mitigation of the Bio optionis
equivalent to 19% of the potential sustainable agricultural and forest
residues availablein Europe®**, with large variations between countries
(nearly 100% of biomass residues in Switzerland and 5% in Finland;
Supplementary Table 7).

Using natural gas (NG) instead of coal would achieve a climate
change mitigation of 11 + 3%, with the largest positive effects for human
health (-32 + 1%) among all decarbonization options. This is because
ofthe relatively lower emission of air pollutants from the combustion
of natural gas compared with other fuels (including biomass or RDF).
While synergies are also observed with water depletion (6% + 4%), an
evident trade-off is connected to fossil fuel use (+28 + 3%). The use
of hydrogen (H2) from electrolysis promotes slightly higher climate
mitigation (14 + 3%) than NG, with synergies for reductions in fossil
fuel use (13 + 2%). However, substantial trade-offs occur with human
health and water depletion due to the water and electricity required
(current country-based mix) to produce hydrogen via electrolysis.

The implementation of carbon capture and storage with either
first-generation (OxyCCS) or second-generation (OxyCCS2G) oxyfuel
technologies achieves the largest climate change mitigation ben-
efits (around 80%), but trade-offs occur for all other environmental
impacts, although with relatively high uncertainties. This is due mostly
totheincreased electricity demand for the air separation unitand CO,
purification unitin the oxyfuel process. First-and second-generation
oxyfuel CCS show similar environmental effects because their dif-
ferences concern mainly technological aspects rather than environ-
mental performances. The implementation of oxyfuel CCS reduces
direct emissions of some air pollutants, such as aerosols and ozone
precursors, because they are produced in lower amounts thanks to
an O,-richcombustion process and/or are co-captured alongside CO,.
Lower impacts to human health are thus directly arising from cement
plants, but these benefits are overwhelmed by theincreaseinindirect
emissions from higher energy requirements.

When looking at combinations of mitigation options (Fig. 2b), CCS
with alternative fuels (RDF, Bio or H2) can achieve climate neutrality
or even negative emissions equal to —87 + 3 kgCO,e per tonne clinker
(EU average, -109% + 5% relative to the default case) when CCS is
deployed with high shares of bio-based fuels (CombOxyCCS+Bio).
The option combining oxyfuel CCS and H2 as fuel (CombOxyCCS+H2)
reaches lower climate change mitigation (-96 + 3%). They both have
trade-offs with health impacts, primarily because of the increased
power demand for CCS and/or electrolysis. The combination of

Table 2 | Characteristics of the representative decarboni-
zation pathway with implementation of mitigation
measures in the European cement sector up to 2050

Decarbonizationoption Today 2030 2040 2050 Reference
CCR 75% 74% 70% 65% 31
Thermal energy - 9% 13% 17% 3,31

efficiency gains
(MJt" clinker)

Electricity use 161 105 94 83 3

(kwWht™ clinker)

Alternative fuel use 47% 60%  75% 90% 31

Biomass share 17% 30% 39% 48% 31

RDF and other waste 30% 30% 33% 36% 31

H2 share - - 3% 6% Own assumption
based on ref. 42

Fossil fuel share 53% 40%  25% 10%

Coal 39% 27% 13% - Own assumption
based on ref. 42

Qil 51% 43% 27% 20% Own assumption
based on ref. 42

NG 10% 30% 60% 80%  Ownassumption
based on ref. 42

CCS implementation - 5% 10% 25% 3,42

oxyfuel CCSwith high shares of RDF (CombOxyCCS+RDF) approaches
climate-neutral clinker production and shows the largest synergies with
the other impact categories among the combined measures.

No climate change mitigationis secured when the captured CO, s
used to produce e-fuels (Oxy-Efuel), and trade-offs with other environ-
mental impacts occur (Fig. 2c). The replacement of liquid fossil fuels
with e-fuels is not sufficient to achieve net mitigation because both
fuels release CO, to the atmosphere, and limited benefits come only
from avoided emissions from fossil fuel supply. The supply of e-fuels
isalso associated with embodied emissions as they require electricity
for H, generation and CO, capture, and the use of e-fuels in transport
only delays emissions from the clinker production. Relatively small
climate benefits are achieved when CCS is combined with H, as heat
source inthekiln (CombOxy-Efuel+H2), but trade-offs occur with other
environmental impacts. The mainadvantage of this optionis the lower
oxygen demand from air separation, thanks to the oxygen co-produced
from electrolysis. The combination with RDF (CombOxy-Efuel+RDF)
does not improve the overall climate impacts of clinker production
relative to today’s situation.

Representative decarbonization pathway

The previous section shows the maximum potential of a fullimplemen-
tationof each decarbonization option. However, theirimplementation
will probably occur stepwise at different levels in different countries
over the next decades. Many projections of changesin the future Euro-
pean cementsector for intended climate goals exist>”***#°"*2 Table 2
shows an idealized pathway for a gradual implementation of a mix of
compatible decarbonization optionsup to 2050. Thisis arepresentative
scenario used to investigate the combined effects of different options
and targeted milestones typically considered toreach climate neutral-
ity by mid-century by institutions such as the International Energy
Agency* or Cembureau®, and it should not be interpreted as the most
likely pathway. The decarbonization actions are linearly and equally
implemented across European countries until achievement of the tar-
get, except for CCS and fuel mix. The probability of CCSimplementation
ina country is proportional to the number of cement plants (Supple-
mentary Table 8), and biomass use is proportional to the national avail-
ability of forest and agricultural residues (Supplementary Table 9).
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the mean values. b, Number of potential trade-offs between climate change
mitigation and other environmental impacts per country. The potential trade-
offs are accounted considering an upper bound limit (95th percentile) of the
uncertainty ranges as a conservative approach to identify risks of potential
trade-offsin each country.

Dynamic background inventories to represent changes in technical
and socioeconomic conditions are modelled at each ten-year interval
according to the BAU_2C scenario.

Implementing the combined measures of the representative
decarbonization pathway up to 2050 can achieve a climate change
mitigation of about 50% (64 + 1.7 MtCO,e yr™) relative to today’s emis-
sions from European cement plants (Fig. 3a). More aggressive and
ambitious decarbonization options are thus needed to approximate
climate neutrality. In particular, only a fasterimplementation of CCS,
estimated at25%in 2050 in this pathway, can make the achievement of
these climate goals possible. The phasing-off of fossil fuels proceeds
at a faster rate than mitigation, reaching a reduction of about 70% in
2050 due to the larger share of alternative fuels. However, mitigation
of water depletion is more limited (18 £ 5%), and impacts on human
health arereduced by 23 + 7% by 2050. The reduction in human health
impacts stabilizes after 2030 and slightly increases due mostly to the
introduction of hydrogen as a fuel in the clinker production in the
investigated pathway (which raises electricity consumption). Sup-
plementary Table 10 and Supplementary Fig. 2 show the contribution
of each European country to the total mitigation in 2050. In general,
the magnitude of the contribution to mitigation is proportional to
the clinker production volumes, so countries such as Germany, Italy,
Poland, Spain and France are key actors to achieve the expected mitiga-
tion of environmental impacts. European countries are also associated
with different levels of trade-offs between climate change mitiga-
tion and other environmental impacts (Fig. 3b and Supplementary
Table11). Lower risks of potential trade-offs occurin the Netherlands,
Latvia, Poland and many other eastern European countries, primar-
ily because their technologies and/or electricity mix have room for
improvements and thus can benefit the most from gainsin efficiencies
or other measures. The implementation of climate change mitigation
measuresinthese countrieshasnoregrets. At the same time, important
cement production countries (France, Spain and the United Kingdom)
present higher risks of potential trade-offs, indicating that mitiga-
tion measures must include active plans to prevent the occurrence of
unintended side effects.

Synergies, trade-offs and techno-economic barriers
Figure 4 summarizes the synergies and trade-offs between cli-
mate change mitigation and other sustainability issues, including

techno-economic aspects such as costs, technology maturity level
and challenges for implementing each decarbonization option. Here
the annual climate change mitigation, relative to today’s situation, is
quantified at a European level, assuming a complete deployment of
the respective option individually, and it is associated with qualita-
tive scores of the effects on other environmental impacts and techno-
economic challenges.

Background changesintechnical and socioeconomic conditions
(BAU and BAU_2C) can achieve limited mitigation potentials, between
9.4 and 13.4 MtCO,e per year in 2050, equal to 7-10% of the current
emissions from the European cement industry (124 MtCO,e). These
changes are external to cement plants and involve improvements
in the supply chain of energy and material services, and thus they
havenoor little environmental trade-offs, techno-economic or matu-
rity challenges connected to cement plants. A modernization of the
cement industry (Tech and CCR) increases the mitigation potential
to 17 MtCO,e (15%) at relatively low costs. These options are rather
mature and with environmental co-benefits due to more-efficient
processes. However, technological improvements in older plants can
require major retrofits with relatively high investment costs, whichare
abarrier in some countries lacking incentives to modernization. The
main barriers to mitigation from CCR include constraints to regional
availability of cement-blending materials and modifications of building
standards for the materials allowed in construction’.

Strategies switching to fuels with a lower fossil carbon intensity
(RDF, Bio, NG and H2) can enable limited to moderate emissions reduc-
tions (between 5 and 28%). Bio has the largest potential, but securing
the achievement of high mitigation levels is subject to a sustainable
supply of bio-based materials and to competition for renewable feed-
stocks with other decarbonizing sectors. The RDF mitigation potential
is limited because of its relatively high fossil-carbon content, and
its increased supply depends on waste management legislation that
affects availability. Higher fuel substitution rates can be stimulated by
regulations that promote energy recovery in cementkilns over landfill-
ing or other less-efficient thermal treatments. Switching to fuels with
lower fossil carbon content is commercially mature and comes with
environmental co-benefits at low-to-moderate costs. An exception
is hydrogen, which is associated with environmental trade-offs from
increased consumption of water and power for its production*, and
itsimplementation has major techno-economic challenges.
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Fig. 4 |Summary of the qualitative synergies and trade-offs among climate
change mitigation, other sustainability impacts and techno-economic
performance for the different decarbonization optionsin the European
cement sector. For the environmental impacts, one symbol means between 0%
and 25% of the highest (absolute) impact in each category; two symbols means
between 25% and 50%, and three symbols means more than 50%. Positive effects
(synergies) are in black; negative effects (trade-offs) are inred. For the

techno-economic assessment, the number of each symbol indicates the intensity
ofthe synergy or trade-offs, where one symbol means no or low effect, three
symbols high effects and two symbols intermediate effects. Relative costs are
explained in Methods. The technology maturity level and implementation
challenges are summarized in low (one symbol), moderate (two symbols) and
high (three symbols), according to the qualitative information available in
Supplementary Table 21.

The options considering CO, storage (OxyCCS and OxyCCS2G)
result in deep levels of emissions reductions (-80%) at limited envi-
ronmental trade-offs. However, the cost of clinker increases more
thaninthe decarbonization options previously discussed as it requires
re-engineering the plant to optimize the heat recovery system, mini-
mize air ingress and supply oxygen. Effective policies and incentives
are the main challenge to large-scale deployment of CCS, together with
the establishment of safe infrastructure for CO, transport and storage.
The utilization of captured CO, for production of e-fuels (Oxy-Efuel)
increases overall CO, emissions and trade-offs with other environ-
mental dimensions. Added to the techno-economic challenges and
market hurdles that hinder profitability of CO, utilization, this option
isnotasustainable decarbonization pathway despite hydrogen being
sourced via electrolysis from a relatively clean electricity mix (here
assumed to be the European average in 2050 under BAU_2C) and the
benefits from replacement of fossil-based transport fuels. Its combi-
nation with high shares of alternative fuels (CombOxy-Efuel+RDF and
CombOxy-Efuel+H2) improves some of the environmental effects, but
the mitigationis still weak (if any) and the techno-economic challenges
and costs increase. However, the economic feasibility of utilization
optionsis usually case dependent, and other applications, althoughless
suitable for the large-scale volume of the CO, captured from cement
plants, might achieve different outcomes®***, For example, the cap-
tured CO, can react with activated minerals or industrial wastes to
form solid carbonate minerals (mineralization), which can be used
in various applications and potentially achieve up to 30% emissions
reductions*. In general, long-term storage applications are required
to secure mitigation of climate change via utilization pathways®?’,

The combination of decarbonization options based on CCS
and alternative fuels (CombOxyCCS+RDF, CombOxyCCS+Bio and
CombOxyCCS+H2) is projected to achieve near-to-full decarboniza-
tion and a net-zero European cement industry (from 96% to 108%
emissions reduction). In particular, afull deployment of the bio-based
combination delivers negative emissions. These optionsinduce mainly
environmental co-benefits, but they also add the individual challenges
and barriers forimplementationin the cementindustries discussedin
the preceding. They need further research and investments to mature

andbe deployed atscale, with potential increases in the costs of clinker.
Although this cost increase is often seen as the main barrier of decar-
bonization, anincrease in cement costs sometimes has only amarginal
impact on the cost of the infrastructure where it is used®’.

Discussion
When prioritizing investments for mitigation pathways, integrated
information on emissions reduction potentials, implications for
other environmental aspects and techno-economic considerations
are instrumental to identify optimal solutions. This study shows the
emissions reductions that can be achieved in each European coun-
try, the associated co-benefits and trade-offs and the decarboniza-
tion measures (or their combination) that are more effective for the
current and future techno-economic context. At a European level,
changing fossil fuels to renewable fuels for heat supply has a mitiga-
tion potential of 30%, and a modernization of clinker production or
reduced clinker-to-cement ratio up to about 20%. Larger emissions
reductions require the large-scale implementation of CCS, with an
active prevention of potential trade-offs with other environmental
impacts. Despite the increasing interest in CO, utilization, produc-
tion of e-fuels does not deliver climate change mitigation benefits
whileitincreases other environmental impacts. The implementation
of combined decarbonization measures at a pace illustrated in the
representative pathway is not sufficient to meet the zero-emissions
target, and additional emissions reductions are needed. Demand-side
interventions other than CCR, such as more-efficient uses of cement
or life-time extension, can contribute with an additional 20% of mitiga-
tionrelative to supply-side measures alone***%, and the in-use cement
stockis estimated to re-absorb via carbonation up to 30% of calcination
cumulative emissions up to 2100*’. However, demand-side emissions
reductions and calcination will require decades of educational and
regulatory efforts to change building codes, standards and certifica-
tion, and the establishment of verified accounting protocols.
Implementing most of the clinker decarbonization options that
are technologically mature relies on the initiative of a relatively small
number of industrial actors with available technical and financial capa-
city. Individual carbon-neutral cement plants are already in the making
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through joint implementation of modern technologies, high shares
of alternative fuels and CCS*°. Achieving high temperature in the kiln
without fuel burning (for example, electric plasma or resistance-based
heating) can offer innovative approaches to decarbonization, although
they arestill at early stages of development and can face trade-offs (for
example, increased power consumptionand reduced CO, captured)®*.

Policy instruments to support clean investments and interna-
tional cooperation can accelerate access to low-emissions solutions
and technology transfer. This study offers insights for designing an
action plan specific for different European countries on the basis of
their current cement industry and the local availability of resources
for alternative fuels, with information on how various decarboniza-
tion strategies can co-deliver climate change mitigation and alleviate
other environmental impacts. Further investigations at a regional or
individual plant level can refine strategies tailored to specific local
contexts (for example, plant technologies and locally available alterna-
tive fuels or raw materials). Due to the cement industry’s long-lasting
capital assets, fundamental changes should urgently scale up within
the next decade if ambitious mitigation targets are to be met and to
avoid risks of locking in CO, emissions beyond 2050.

Methods

Clinker production technologies

Clinker manufacturing involves raw material preparation and clinker
productionin thekiln, where different raw materials are dried, mixed
and milled into a homogeneous powder. In the kiln, the raw meal is
calcinated at 900 °C, resulting in the formation of calcium oxide (CaO)
and direct emissions of CO,. Next, CaO is heated to 1,400-1,500 °C
together with silica, alumina and ferrous oxides to form clinker. The
clinker is cooled and mixed with gypsum and other additives to form
cement. The current mix of technologies in each European country is
taken from the Global Cement Directory database® and includes the
following types (Supplementary Table12): dry with preheater (further
divided into technologies with or without pre-calciner, according to
ref. 54), mixed kiln type, semi-wet/semi-dry, and wet/shaft kiln. Emis-
sion of pollutants, including CO,, CO, NO,, SO,, VOC and PM, and use
of water varies depending on the kiln technology'~>*¢ (Supplementary
Table13). Uncertainty ranges for these factorsareincludedin the Monte
Carlo analysis (Supplementary Table 14).

Materials, fuels and electricity

The raw materials required for clinker production are limestone, clay
andsand. Anaverage formulationis assumed in the different countries:
lime (51%), calcareous marl (28%), clay (20%) and sand (1%) (source:
ecoinvent v.3.6 database”). The variability in raw meal formulation is
included in the uncertainty analysis (Supplementary Table 14).

The thermal energy used in the kiln varies for each clinker tech-
nology®'®*%*? (Supplementary Table 15), ranging from approximately
2,800 MJ per tonne of clinker for the dry process with preheater and
pre-calciner to 5,000 MJ per tonne of clinker for the wet/shaft kiln.
Uncertainty in thermal energy use for each kiln technology, emission
factors, lower heating value, moisture content and biogenic carbon
content of each fuel option are included in the uncertainty analysis
(Supplementary Table 14).

The fuel mix used for clinker production includes fossil fuels,
biomass and other alternative fuels, according to today’s situation in
existing cement plants®***°, For countries with missing information,
average EU data are used. Fossil fuels are distinguished into coal, oil
and natural gas, and biomass fuels as residual wood, sewage sludge,
mixed biomass waste, animaland bone meal and wood chips from for-
est and agricultural residues. Other alternative fuels are divided into
RDFs, wastettires, waste oil and ‘other residual fuels’. Estimates for each
country arebased onrefs. 3,60 and shownin Supplementary Table 16.

Fuels derived from bio-based residues and RDF are assigned no
upstream environmental impacts, but life-cycle emissions from their

collectionand transportare considered”. As most of the kiln plants are
located close to where the raw meal is quarried, the transport of raw
meal is not considered. Transport distances for fuels are estimated
using a simplified country-based approach that considers either 50,
200 or 300 km, depending on the number of plants per country area
(for example, 300 km for larger countries with fewer cement plants).
For chips from forest and agricultural residues, transport distances
of 50 km, 100 km and 150 km are estimated according to the relative
agricultural® and forest® residual biomass density in the country. The
resulting transport distances are shownin Supplementary Table 17.

The electricity demand for cement production in each country
isbased onref. 54 (Supplementary Table 18), and average EU data are
used as a proxy for missing data. Life-cycle emissions of the current
electricity mix in the different European countries are based on the
ecoinvent database”’.

Projected changesin clinker production and background
Cement production volumes in Europe are averaged for the period
2016-2020°. Clinker production volumes are derived from country-
specific CCRs*. Projections in cement production up to 2050 are
based on estimates of cement use per capita®® and projected changes
in population®. Data of present and future clinker demands are shown
inSupplementary Table 1.

One major shortcoming of many LCA studies addressing novel
technologiesisthe reduced capacity to embed the evolution of back-
ground systems and socioeconomic conditions that are representative
of different sectoral transformations, such as future electricity mixes,
fuelsand hydrogen production. Thisis alimitation given the increasing
trends of renewable energy in electricity and transport. Recent efforts
to cover thisgaprely onthe so-called prospective LCA, where projec-
tions from IAMs are integrated within an LCA framework®*~*®. These
changes are expected to be relevant for the future environmental
footprint of the cement sector, which depends on external inputs and
where implementation of decarbonization options, such as oxyfuel
CCS, is expected to considerably increase electricity demand. To
account for the influence of these technological and socioeconomic
changes, the python code ‘premise’ (version 1.3.2)¢ is used to gener-
ate new background life-cycle databases with the outputs from the
REMIND IAM®, These new life-cycle inventories represent the tech-
nological conditions and processes by which material and energy
services are produced under future policy scenarios by transforming
electricity production mixes, power plant efficiencies, transport sys-
tems and other key activities under a specific shared socioeconomic
pathway (here SSP2, known as ‘Middle of the Road’). In SSP2, the world
follows intermediate challenges for mitigation and adaptation, with
moderate population growth and energy use decline but slow pro-
gress inachieving sustainable development goals®. We selected two
climate policy scenarios considering contrasting implementation
of emissions reduction targets. One represents a business-as-usual
case with no stringent climate policy (base scenario in the REMIND
model), while the other represents amore ambitious scenario (called
PKbudget1300) where mitigation measures can successfully limit
the global temperature increase to 2 °C by 21005, The effects of
these projected climate scenarios are assessed in the cases BAU and
BAU_2C, respectively.

Techand CCR

Thekilntechnology, the number of cyclone stages in the preheater and
the type of clinker cooler determine thermal energy consumption’®,
The decarbonization option Tech assumes that all cement plants in
Europe are converted to the best available technology, meaning dry
with preheater and pre-calciner. This optionresultsin thermal energy
efficiency gains of 17% and an electricity consumption decrease of
48%, relative to today “s average European situation®*'. This solution
is gradually implemented in European countries according to their
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presentaverage technological condition, illustrated in Supplementary
Table 12, and for each technology we consider specific emissions of air
pollutants and water use (Supplementary Table 13) and thermal energy
demand (Supplementary Table 14).

The CCRrelies onregional standards to define the cement amount
inconcrete products to meet required mechanical and durability prop-
erties forintended end-use applications. While high CCRis needed for
applications requiring high-quality cement, better matching of CCR
to the intended application can reduce the overall clinker demand,
thus saving CO, emissions. In the decarbonization option CCR, all
the clinker productionis proportionally reduced from the current EU
average of 75% to 65%, on the basis of available projections™. This case
does not result in any specific decarbonization per tonne of clinker
but decreases total impacts as the total clinker demand is reduced.

Alternative fuels

Coal, the main fuel traditionally used in cement plants, has been
increasingly replaced in Europe by larger shares of alternative fuels up
to approximately 45% today, with projections for further increase®°.In
principle, cementkilns can utilize 100% of alternative fuels. However,
the alternative fuel share in conventional clinker burning is capped by
the need tosecure therequired temperaturein thekiln, in addition to
other technical limitations. In this study, a maximum alternative fuel
share of 90% (energy basis) is considered as a conservative assumption
to secure the required calorific value of the fuel mix.

In Bio, all European cement plants increase their current use of
alternative fuels to 90% with additional wood chips from agricultural
and forest residues, and the same occurs with RDF in the RDF option.
Biomassresidue availability in European countries considers crop and
forest residues, and it is estimated by aggregating gridded datato a
nationalscale. Crop residue availability includes residues from the main
crops cultivated in Europe (wheat, rye, barley, oats, maize and so on)
and refers to a sustainable potential (the harvest level does not nega-
tively impact soil organic carbon stocks)™. Forest residue availability
refers to a base supply potential representing a sustainable optimiza-
tion of current practices”. The demand of bio-based resources from
cement plantsis also compared with the national sustainable potential
availablein each country (Supplementary Table 7).

Natural gas is sometimes seen as a short-term bridge towards
low-carbon fuels to quickly phase out coal’?, including in clinker pro-
duction®”. InNG, the current use of coal and oil is replaced with natural
gas. Despite some technical limitations that are yet to be overcome™,
hydrogen is gaining interest as a high-grade heat supplier to cement
kilns”. Hydrogen production from water electrolysis co-generates
oxygen, which can replace part of the oxygen demand from the
oxyfuel-based CCS™. In H2, life-cycle emissions of hydrogen produc-
tion from electrolysis are based on the current electricity mix in the
different European countries. In the cases where it is combined with
oxyfuel CCS, hydrogenis produced via electrolysis using the European
electricity mix in 2050 as projected by BAU_2C, and the co-produced
oxygen (8 kg of oxygen per 1kg of hydrogen) is used in the oxyfuel
process, decreasing the electricity demand in the air separation unit.

OxyCCS and OxyCCS2G
Although there are different options for carbon capture, oxyfuel tech-
nologies are the most promising'***’*’%, They are based on fuel combus-
tioninanatmosphere of oxygen and recirculated flue gas (mainly CO,)
instead of air. The flue gases are composed of water vapour and CO,,
which are easily separated by condensation, while in post-treatment
capture, CO, requires energy-intensive chemical separation’. The
oxygen-rich combustionatmosphere also facilitates the use of alterna-
tive fuels as heat supply.

In oxyfuel combustion, flue gas recirculation is essential to con-
trol the temperature in the kiln and to provide suitable gas veloci-
ties®’. The process requires re-engineering the plant to optimize

heat recovery and minimize air ingress. To integrate the oxyfuel
technology into the clinker burning process, additional power is
needed for the oxygen supply facility (0.2 kWh kg™ 0,) and a CO,
purification unit (0.154 kWh kg™ CO,) to enrich the CO, stream and
allowits transport and storage”. These technical changes areincluded
inthe OxyCCS case.

Up to now, experimental investigations and techno-economic
studies considered the full oxyfuel concept that integrates a recycle
circuit of combustion gases to the clinker cooler to control the tem-
perature in the kiln and to complete the volume of gases needed for
the successful operation of cyclones in the preheating tower*:. The
incorporation of aflue gasrecirculation represents a capital and opera-
tional cost. To overcome these issues, a so-called second-generation
oxyfuel technology caninduce fuel combustion in near 100% oxygen
conditions, avoiding the need for arecirculation circuit of flue gases. By
excludingthisrecycleloop, efficiency increases and costs are reduced
relative to first-generation oxyfuel technology®. Experimental data
and process simulations have been used to evaluate the option with
second-generation oxyfuel (OxyCCS2G). Ranges of key process para-
meters for both oxyfuel technologies are included in the uncertainty
analysis (Supplementary Table 14).

Oxy-Efuel

The CO, captured at cement plants can be used to produce commer-
cially attractive products for various industrial sectors, including fuels,
chemicals, plastics and food. Depending on the case, itmay resultinan
environmental benefit by avoiding the impacts associated with the con-
ventional production process**. In the Oxy-Efuel case, the CO, from
oxyfuel cement productionis used to produce e-fuels to replace fossil
fuels used in the transport sector. Fischer-Tropsch (FT) synthesis is
used to produce liquid hydrocarbons (e-fuels) by combining hydrogen
fromelectrolysis and CO obtained from CO, viareverse gas-water shift,
an endothermic equilibrium reaction that requires thermal energy.
Syngas (the mixture of hydrogen and CO) issenttoan FT reactor, where
itis catalytically converted toliquid fuels. We consider1.57 kgCO, and
0.07 kg hydrogen to produce 1kg of CO for the FT reactor®. Inthe FT
conversion, the operating temperatures, pressures, catalyst types and
reaction ratesinfluence the intended fuel outputs®**®. The resulting fuel
mix has varying proportions of naphtha, diesel and jet fuel. The inputs
of materials, energy and emissions data for FT synthesis are based on
ref.85.Inthe FT synthesis, about 23% of the carbon input to the reactor
is not converted to fuel and is emitted to the atmosphere. Electricity,
whichis co-produced fromthe unconverted hydrocarbons and steam,
isdiscounted from the electricity input of electrolysers.

Life-cycle assessment

We consider acradle-to-gate analysis with direct and indirect emissions
associated with the main life-cycle stages: raw material acquisition,
transportation and clinker production. The functional unitis one tonne
of clinker, the key ingredient of cement products. Clinker finishing,
grinding and cement formulation are notincludedin the analysis. Fore-
ground dataarebased onplant operational dataand process simulation
results described in the preceding. Background life-cycle inventories
are retrieved from ecoinvent 3.6”. Projections of future background
systemsare incorporated into aforward-looking background database
and are based on outputs from IAMs. The prospective LCA retains a
country-level resolution as it considers, for each country, the current
state of the cement sector in terms of production volumes, kiln tech-
nology, existing use of alternative fuels and electricity mix. Both the
individual technological improvements highlighted in Tables 1and 2
and the background changes accordingto the IAM projections embed-
dedinthe premise model® areimplemented on the basis of the initial
situationin each country. For the future evolution of the electricity mix,
IAMs aggregate all European countries into a macro-region (Europe).
To estimate trajectories for each country, the greenhouse gas intensity
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of the predicted future electricity mix at a European level is used to
quantify the improvements relative to today’s electricity mix, and
thesamerelativereductionis linearly applied to theimpacts fromthe
currentelectricity mixin each country (Supplementary Table19). This
secures that the balanceis kept ata continental level while implement-
ing relative improvements on a country basis.

Most LCA studies widely rely on the 100 year global warming
potential (GWP100) as the default climate metric. The shortcom-
ings of this approach have been discussed’>**"*%, and a multimeric
approach has been frequently recommended®®. In this work, we use
GWP100 for the results in the main text, and in the Supplementary
Information we apply GWP with a time horizon of 20 years (GWP20)
to capture short-term effects and the global temperature-change
potential GTP100 for long-termimpacts. GWP100 is considered a proxy
for mid-term impacts because of the numerical similarity between
GWP100 and GTP40 (GWP100 can basically be interpreted indicating
temperatureimpacts at about four decades after an emission)®. How-
ever, GTP100 specifically quantifies impacts after 100 years, and it is
suitable to assess contributions to long-term temperature stabilization
objectives’. Characterization factors are taken from the Intergovern-
mental Panel on Climate Change Sixth Assessment Report® and are
shownin Supplementary Table 20.

Other environmental impact categories include the total use of
fossil energy across the entire value chain”, water depletionand human
healthimpacts, with the latter two characterized using region-specific
metrics to better capture variability across European countries. Water
depletion evaluates the impact of water consumption in a region on
both local water availability and potential users’ deprivation and is
based on the AWARE method®: available water remaining per areain
awatershed after the demand of humans and aquatic ecosystems is
met. It assesses the potential of water deprivation, to either humans or
ecosystems, building onthe assumption that the less water remaining
available per area, the more likely another user will be deprived. Human
health impacts consider the effects of air pollutants (for example,
ozone precursors and particulates) and heavy metals to the air, soil
and water on people’s cancer and non-cancer incidence rates via fate,
exposure and damage factors”"*,

Cost analysis

Cost is a key element for realizing any decarbonization option as an
increasein costsis oftenabarrier toimplement climate-friendly solu-
tions. Here the increase in the cost of clinker is used as a proxy for the
cost of the mitigation option. Supplementary Table 21 summarizes the
adopted modifications of each cost-contributing element of clinker
production (forexample, fuel cost, electricity cost and CAPEX) relative
toareference cement plantandtheresulting clinker cost for each decar-
bonization option. The cost analysisintegratesliterature data, process
simulations and expert-based evaluations from plant owners on how
these decarbonization options will impact the cost-contributing ele-
ments. The different decarbonization measures are qualitatively clas-
sifiedinto three broad categories: ‘low’ if the measure resultsin a cost
increase below 25%, ‘moderate’if the measure resultsina costincrease
between 25and 85% and ‘high’if the measure resultsinacostincrease
higher than 85%. The technology maturity level and challenges for its
implementation are summarized in low, moderate or high, according
to aqualitative review (Supplementary Table 22).

Uncertainty analysis

AMonte Carlo analysisis used to quantitatively assess the propagation
of variability and uncertainty from key factors of the analysis, mainly
cement production process parameters and emission factors. The
number of runs in LCA randomly selecting any possible value within
the given uncertainty ranges usually spans from 1,000 to 10,000.
The higher end of this range is selected here to increase robustness
of the results, noting that using a higher number of repetitions does

not significantly modify the statistical scores of the outcomes. As
our sampling was not big enough to establish a normal distribution,
we chose a triangular distribution that represents a better fit when
minimum, maximum and mode values of each parameter are avail-
able. The list of parameters used in the uncertainty analysis is shown
inSupplementary Table 14.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The country-based life-cycle inventory data, emission factors and
source data used to generate the results of this study are available
in the supplementary information and in a supplementary data file.
Background life-cycle inventory dataare from ecoinventv.3.6 (https://
ecoinvent.org/). Technological data of European cement plants are
gathered from the Global Cement Directory 2023 (https://www.
globalcement.com).

Code availability

The coupling of integrated assessment models output with life-cycle
assessment was conducted using premise v.1.3.2 (https://github.com/
polca/premise)®. A copy of the code used to generate the future back-
ground systems used in our analysis is provided as Supplementary
Codel.
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