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Abstract

Decarbonizing cement and concrete production requires multiple simultaneous strategies,
since no single technology is sufficient. Two approaches dominate: low-carbon cement with
reduced clinker content (supply-side) and low-cement concrete and structures delivering a
given service through efficient design (demand-side). Direct comparisons between paths
remain rare. Literature shows incompatible baselines, system boundaries, and functional
units, and several studies are bounded at the factory gate (i.e., excluding demand-side
measures). Despite the limitations, this paper attempts an explicit comparison of technical
potential and burdens for stakeholders. Three outcomes emerge: (1) Complementarity:
supply-side measures dominate impact but demand-side efficiency remains indispensable
for net zero. (2) Asymmetric cost and risk burdens: supply-side costs concentrate in few ac-
tors that pass and dilute them downstream, whereas demand-side responsibility disperses
across designers, contractors, and owners lacking incentives, contractual mechanisms
and liability protection; the apparent lower risk of low-carbon cement is institutional, not
technical. (3) Interconnected gaps sustain the imbalance and bound the present analysis:
non-harmonised LCA conventions, cost-pass-through evidence limited to one residential
case, absent data on willingness-to-pay and carbon-performance liability, and policy in-
struments targeting material rather than functional level. Demand-side action lags not on
technical performance but on lack of means to verify, budget, insure and reward it.

Keywords: low-carbon cement; low-cement concrete; supplementary cementitious
materials; embodied carbon; stakeholder risk burden; functional unit; life cycle assessment;
carbon cost burden; decarbonization transition

1. Introduction
The construction industry faces unprecedented pressure to decarbonize, with cement

and concrete production responsible for 7% of global CO2 emissions [1]. About 50% of these
emissions are process emissions (calcination of limestone), which cannot be eliminated
with the use of alternative fuels or increasing efficiency, placing cement production among
the hard-to-abate sectors [2]. Global demand peaked in 2024, particularly driven by devel-
oping economies [3]. The sector therefore faces significant pressure to solve its structural
carbon emission problem, which is simultaneously technological, economic, institutional,
and political.

A broad range of technical pathways is addressed in the literature. On the production
scale, clinker substitution with supplementary cementitious materials (SCMs) has been

Buildings 2026, 16, 3915 https://doi.org/10.3390/buildings16193915

https://crossmark.crossref.org/dialog?doi=10.3390/buildings16193915&domain=pdf&date_stamp=2026-10-01
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/buildings
https://www.mdpi.com
https://orcid.org/0000-0002-0259-7213
https://doi.org/10.3390/buildings16193915


Buildings 2026, 16, 3915 2 of 33

the classical approach, later also complemented with novel alternative binders, alternative
fuels, kiln efficiency, and carbon capture, utilisation and storage (CCUS). On the side of use,
mix optimisation, performance-based specification, structural optimisation, and component
reuse have been explored for their potential to reduce the quantity of binder and concrete
needed for a demanded performance. A combined approach integrating this family of
solutions seems natural, but the level of agreement on the sequencing and combination of
strategies is insufficient, and the question of who bears the cost as the sector decarbonizes
remains unanswered [4,5].

The problem is not new, and its framing has evolved over the years, conditioning stake-
holders’ perception of each particular pathway. Conventional literature frames blended
cements as an engineering problem, verifying conformity with performance requirements
despite their lower clinker content [6]. The Paris Agreement shifted the framing in 2015 to-
wards net-zero roadmaps and techno-economic assessment. Then, new technical solutions
attracted more attention, such as those based on calcined clays [7]. Soon after, the 2020s
brought three converging approaches: demand-side dematerialisation and component
reuse as a serious alternative to materials innovation; policy and procurement became
central drivers of decarbonisation (particularly in Europe); and stakeholder and value-chain
framings displaced pure technology evaluations [8,9]. The present review focuses on this
third aspect, to treat cement not as an isolated material problem but as a multicomponent
system involving interlinked technical, economic and institutional dynamics [9].

Two archetypal decarbonisation pathways can be defined. “Low-carbon cement,” de-
veloped by cement producers, refers to supply-side reformulations intended to lower emis-
sions per unit mass of binder. “Low-cement concrete and structures” denotes demand-side
improved efficiency to lower the binder and concrete embodied per delivered functional
unit, involving optimisation by concrete producers, designers, specifiers, and standards
bodies. The two types of answer to the problem operate at different nodes of the same
value chain. A consequential difference between them derives from their relationships to
the distribution of cost, risk, and regulatory pressure across stakeholders.

The distribution of costs matters because decarbonization pressure is not perceived
uniformly across the value chain. Recent regulatory instruments increasingly target the
material. For example, the European Union’s Carbon Border Adjustment Mechanism
(CBAM) [10] charges imports considering the embedded emissions of clinker, and Envi-
ronmental Product Declarations (EPDs) [11] define a declared per-product carbon. Such
instruments create strong and clear incentives for producers while disengaging the dis-
persed actors defining the material demand. The result is that decarbonisation measures
do not create the same burden for the various stakeholders in the cement and concrete
value chain.

Four unresolved research challenges follow from the previous framing:

• Comparability: the two pathways are assessed with different metrics and system
boundaries, so the question of which delivers more mitigation per unit of delivered
function cannot be answered under current conventions. This is a measurement-
theoretical problem rather than an engineering one. Additional case studies cannot
resolve it.

• Attribution: double counting for hybrid measures that combine a lower clinker factor
with a more efficient structure is common. The underlying flaw is the lack of agreement
on the assignment rules for the mitigation.

• Incidence: the residual liability is decisive for adoption, and this distributional problem
is largely absent in the literature.
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• Institutional endogeneity: standards, contracts and insurance practice are largely
missed in the existing comparative assessment, which focuses almost entirely on
material behaviour.

Comparisons framed only in terms of technical potential tend to reproduce, rather than
test, the prevailing preference for supply-side measures, while disregarding the previous
four problems. Within this context, the present study pursues three interrelated objectives:

• to compare low-carbon cement and low-cement concrete as decarbonization pathways
across technical, environmental, economic, and stakeholder dimensions;

• to map how the carbon cost burden is distributed unevenly across the cement–concrete–
construction value chain;

• and to assess the potential prevalence of policy instruments towards the supply-side
pathway.

2. Analytical Framework and Attribution Rule
Four components of the implementation of decarbonisation strategies deserve atten-

tion: impact in terms of the amount of emissions, cost, risk, and incentive alignment. A
measure may score well under one lens and poorly under another. The first lens seems to
have been comparatively much more resolved in the literature than the other three.

Figure 1 maps the two pathways across stages in the value chain, providing some
examples for single-pathway measures and orders of magnitude for corresponding actors.

Figure 1. The two decarbonization pathways mapped onto the cement-concrete-construction value
chain and onto the factors of the emissions identity of Equation (1). Actor counts are orders of
magnitude at national scale and follow the qualitative stakeholder assessment of Habert et al. [12].
Own elaboration; no element of any published figure is reproduced.

Hybrid measures involving both low carbon cement and low cement concrete or
structures are also possible. The comparative analysis between the two pathways re-
quires avoiding double-counting, and a rule for the attribution of mitigation is needed.
Equation (1) deconstructs the carbon emissions per functional unit into three factors.

CO2

functional unit
=

CO2

t binder
· t binder
m3 concrete

· m3 concrete
functional unit

(1)

The first factor is the domain of the supply-side measures, acting on the second and the
third factors, which are the domain of the demand-side measures. The relative reductions
in each factor multiply with the others. A hybrid solution may involve two or three factors,
but the credit of each measure is attributed depending on the factor on which it intervenes.
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A low-clinker cement used in a packing-optimised mix within an optimised slab is credited
once in each factor following their corresponding indicators. Then, no saving is counted
twice, and each saving is attributed to the correct stakeholder. A single measure may change
two factors simultaneously; e.g., high-strength concrete raises binder content per m3 while
lowering the volume required per functional unit, the net effect is reported as such, but it
can be deconstructed between the product of the two changes. A water-reducing admixture
that allows a reduction in paste content in concrete made with a calcined-clay cement with
a lower clinker factor can equally be decomposed, with the reduction in emissions per
functional unit into the emission reduction per ton of binder and the binder reduction per
volume of concrete. The pathway to which a measure belongs is decided by the factor of
Equation (1) on which it acts.

3. Value-Chain Perspectives on Cement and Concrete Decarbonisation
The supply-side and demand-side decarbonization pathways originate on two parallel

views [5]. Supply-side measures define how the binder is produced; demand-side measures
define the volumes of binder and concrete that are used. Demand-side interventions are
perceived as the least exploited in the approach of current policies. Estimations place most
of the contribution for cutting down carbon emissions by 2050 to the supply-side pathway,
reaching up to 80% cuts from baseline [5], and suggest that the remaining 20% cut is only
achievable via more efficient use of cement and concrete. Despite the fact that the highest
impact comes from the supply side, the contribution from demand-side efficiency is not
marginal and it constitutes a necessary condition for net zero.

In this context, the level at which carbon is measured and managed differs for each
pathway. Material-level efficiency aims at reducing the embodied carbon per amount of
material (e.g., tonne of cement, m3 of concrete), while functional efficiency focuses on
reducing impact per functional unit (e.g., m2 of floor, supported kN, service life span).
The two approaches can diverge sharply. For example, high-strength concrete with high
cement content per m3 may reduce the embodied carbon per m2 of floor if it leads to, e.g.,
a thinner slab [13,14]. Most metrics and policies concern material indicators, which are
comparatively simpler, more reproducible, and more traceable computations than structural
or functional indicators. The level of simplicity privileges the supply-side pathway, while
the demand-side benefits are potentially made invisible by the accounting instruments.

The value chain runs from clinker and cement producers through concrete producers,
structural designers, architects, contractors and demolition firms to clients and building
owners [12,15]. These groups differ significantly by orders of magnitude in number (i.e.,
from a few clinker producers at national level to a large population of clients and users)
and correspondingly in individual leverage. For example, a single kiln adopting the use of
alternative fuels exerts far more impact per decision than any single building project. This
structural asymmetry cannot be disregarded in the analyses.

Each pathway and its features require an analysis through four lenses: emissions,
costs, risks, and incentives. A measure can score well on one of these aspects while poorly
in another (e.g., low emissions yet poorly on incentive alignment). Current literature
generally fails in such integrated analysis, and it is common that low measured material-
level emissions are interpreted as evidence of an efficient strategy, without paying attention
to potential implementation barriers derived from the conditions for corresponding actors
in terms of the efficiency of existing incentives, prevalence of residual risks, and associated
economic costs.
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4. Low-Carbon Cement as a Supply-Side Pathway
4.1. Clinker Substitution, Supplementary Cementitious Materials (SCMs) and Alternative Binders

As mentioned, clinker substitution is the most mature decarbonization lever in the
sector. Replacing a fraction of clinker with SCMs (e.g., ground granulated blast-furnace
slag (GGBS), fly ash, calcined clay, limestone) reliably reduces CO2 per tonne of binder.
Such reduction can reach 25–50% while maintaining, and in some respects improving,
performance [7,16,17]. The most recent and promising SCM-based binder is limestone
calcined clay cement (LC3), in which the synergy between calcined clay and limestone
allows clinker factors near 0.5 with CO2 reductions of about 30–40% relative to ordinary
Portland cement [18]. Shah et al. (2022) [19] estimate that full exploitation of available
amounts of SCMs could allow at least 50% clinker substitution with domestic supply,
avoiding a maximum of 1.3 Gt CO2 per year globally.

Supply is the main constraint for blended cements. The most used high-quality
SCMs are industrial by-products of declining industries in Europe. Due to European
decarbonisation policies, the availability of fly ash falls with coal-fired power, and that
of GGBS with primary steelmaking [6,17]. Other regions remain quite heavily reliant on
coal-based electricity (coal supplied 33% of world electricity in 2025 [20]) and using the
blast-furnace-basic oxygen route for producing steel (70% of world crude steel [21]). The
real constraint outside Europe is still allocation and ratio of fly ash and blast-furnace slag
(e.g., only 27% of fly ash produced in India goes to the cement industry [22], China already
produces approximately 1.9 more cement than its total potential domestic production of
SCMs [19]). Then, calcined clay and, more recently, carbonated recycled concrete fines
have consolidated as emerging research themes. They became convincing replacements
for reducing SCMs tied to shrinking industries [19]. Moreover, a secondary constraint is
allocation [23]. As by-products, the emissions credited to each SCM depend on allocation
rules affecting Life Cycle Assessment.

It has been long since the classical conception of a universal cement type stopped
holding. Nowadays, the cement type is decided based on local supply and performance.
Cement types have been progressively defined by European Standards as a reflection of
the increasing diversification of the market (Figure 2). The proliferation of notations should
not, however, be read as market penetration. Despite the steady growth of standardised
cement types in Europe since 1990, the average clinker factor in the region has remained
close to 0.77 [24]. For minimising environmental impact, the application and level of clinker
substitution require interrelated optimisation. Knight et al. (2023) [25] show that optimising
the use and replacement level of a limited SCM supply across a portfolio of mixes is more
effective to reduce environmental impact compared to applying a uniform maximum
substitution rate in every mix. The literature shows agreement that the limitations to
reductions in emissions via SCM blending require additional efforts in terms of de-risking
the use of novel SCMs and simultaneously favouring their implementation via demand-
side actions [26,27]. The upper threshold for SCM blending means that full replacement
of clinker is not achievable; this is the reason why the contribution from the demand-side
pathway cannot be treated as optional.

Additional to blended cement systems, there are a multitude of alternative binders
(e.g., alkali-activated materials, calcium sulfoaluminate (CSA) cements, and carbonatable
binders). Despite their theoretical potential (estimating cuts of up to 40–70% of binder
emissions [6,35,36]), in practice they face similar supply constraints to those of SCMs.
This adds up to performance validation gaps, and legislation bottlenecks that slow their
market entry.
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Figure 2. Evolution in the number of cement types in European standards, 1990–2026. Counts
are of distinct cement-type notation (e.g., CEM II/A-S), following the original convention of EN
standards [28–34]. Strength classes are not multiplied in, and sulfate-resisting common cements
introduced in EN 197-1 (2011) are not counted as separate types to the N-type cements.

4.2. Process Efficiency, Fuel Switching, and Carbon Capture

Process measures (e.g., increased thermal efficiency, alternative fuels, CCUS) complete
the supply-side routes. At present, kiln efficiency levels are close to thermodynamic limits
and offer little unexploited potential [37]. Alternative fuels reduce the demand for fossil
energy, but they do not address process emissions. The only supply-side option capable of
addressing the calcination emissions directly is CCUS. This solution is previewed with a
massive contribution after 2030 towards net zero in 2050 [38]. Mineral carbonation leads
to technical solutions such as carbonated recycled aggregates [39], carbon-cured precast
elements [40], and carbonated SCMs [41]. However, the real climate benefit depends
strongly on the CO2 source used in the process, permanence assumptions, and accounting
rules. The emission reductions therefore remain conditional on infrastructure and carbon-
accounting systems. This is not minor at all, to the extent it keeps the economic aspect
unresolved. Mineral carbonation only becomes attractive provided a meaningful additional
profit is obtained via storage-certification and favourable market conditions (e.g., €32 net
profit per tonne of cement estimated by [42] when processing carbonated SCMs as partial
cement replacement).

A risk that follows from the capital intensity of this route deserves attention. Capture
installations are amortised over decades and, once built, create an interest in maintaining
the clinker throughput that justifies them. System-dynamics analysis indicates that early,
mature measures can dominate a decarbonization trajectory even when later measures have
greater ultimate potential [43]. Also, deployment modelling for the European cement sector
shows that public support at the scale required by first-of-a-kind plants is itself a policy
commitment of long duration [44,45]. There is therefore a genuine risk that large-scale
CCUS becomes a technological lock-in that defers demand-side dematerialisation, not
because the two are technically exclusive but because they compete for the same public
budgets, the same regulatory attention, and the same decarbonization narrative. The risk is
asymmetric. Unlike demand-side measures, CCUS does not change how much material
construction uses, nor its dependence on clinker. It removes the process emission and
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nothing else. It seems convenient that CCUS comes after the measures that reduce the
clinker required, not instead of them.

4.3. Standardisation, Scalability, and Market Constraints

The cement and concrete industry is a highly regulated sector. Technological transi-
tions in the construction sector are typically slow in comparison with other sectors, partly
because of the extended process to reach consensus. Some decades ago, a decisive progress
towards low-carbon cement was achieved with the spectrum of common cements defined in
EN 197-1 [28] (from CEM I with >95% clinker to CEM V). More recently, EN 197-5:2021 [29]
added CEM II/C-M and CEM VI categories that enable high substitution (clinker contents
to roughly 50% and below) and EN 197-6 [30] incorporated additional sources of SCM
based on recycled materials. This means that much of the low-carbon cement pathway
can be specified within existing, familiar conformity frameworks, but solutions face signifi-
cant barriers whenever they cannot be framed within these boundaries. Given the large
number of candidate SCMs, dedicated standards for each class become difficult to man-
age. Performance-based standards allow industry to explore local available SCMs without
waiting for time-consuming changes on prescriptive standards [46]. Limitations created
by definitions based on mineral composition can be overcome by specifying performance
levels instead. This approach has been implemented in North America [47] and some
Latin American countries [48], and several examples demonstrated its potential to reduce
carbon footprint of cement [49–51]. However, its adoption still faces difficulties for market
acceptance due to customary conceptions and outdated specifications [51].

Overall, the supply-side pathway is technically mature for blended cements, including
novel LC3 cements, less so for alternative binders and CCUS. An expanding standards archi-
tecture is necessary, but this is a relatively slow process and strategies such as performance-
based specifications for cements avoid such a barrier. Other binding constraints are local
availability of SCMs, the cost and infrastructure of CCS, and the qualification of novel
chemistries. For example, the Brevik plant in Norway, operating since 2025, is the first
cement plant worldwide able to capture at industrial scale 50% of its CO2 emissions. It
handles 400 ktonnes CO2/year [52], at an investment cost of 4.9 billion NOK, of which
roughly 80% was publicly funded, and 10 yr operating costs of about 1.2 billion NOK from
which the state covers 75–100% of eligible costs [44]. This gives a cost of 6.1 billion NOK for
4 Mt CO2 captured, i.e., roughly 1500 NOK/t CO2 (~€140/t CO2, undiscounted, excluding
transport and storage), against an EU allowance of about 83 €/ton CO2 in 2026. On a capital
basis, the investment corresponds to €1130 per annual tonne of capture capacity, roughly
twice the cost assumed in European deployment modelling [45] and also exceeding the
estimations for amine capture at cement plants in [53]. The contrast is expected for a first-
of-a-kind project, but it indicates that the potential for cost reduction deserves significant
attention for CCS to be treated as a deployable option across the sector [44]. Thus, the
near-term reductions are dominated by mature solutions for clinker substitution by SCMs,
while additional cuts depend on technologies with incomplete readiness. Net zero cannot
be realistically achieved on the supply side alone [27,54].

5. Low-Cement Concrete: The Demand-Side Pathway
5.1. Reduction of Binder Intensity and Performance-Based Mix Design

The first observation for the demand-side pathway is that many cement-based materi-
als, and concrete in particular, contain more cement than their performance levels require.
There are two main reasons for this. In the case of structural elements, prescriptive spec-
ifications indicate minimum binder contents and reward relatively early-age strength (a
common maximum of 28 days). The level of industrialisation of the sector is still behind
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those in other sectors, and a significant volume of construction is done on-site, with in-
creased levels of waste production and lower levels of optimisation compared to industrial
settings. Engineering the particle-size distribution of aggregates and especially fines to
minimise voids allows substantial binder reduction without loss of mechanical perfor-
mance, even without contribution of reactive SCMs to microstructure development [55].
Robalo et al. [56] demonstrated viable low-cement concretes with up to about 70% binder
reduction by optimising compactness and assisting with superplasticisers. These are ma-
ture, limited-technology interventions whose barriers are specification and acceptance
rather than materials science. However, such optimisation strategies can only be reliably
implemented in industrial setups, highlighting the importance of further industrialisation
in the construction sector.

5.2. Structural Optimisation and Efficient Design

Regulation specifies performance compliance at the age of 28 days, among which
compressive strength is the most common. Such approach is merely conventional, and it
was established when Portland cement without SCMs was the norm. This made sense at
that time, as further development of microstructure after 28 days was not significant enough
to justify additional extensions in verification of compliance. Nowadays, blended cements
are the norm, and most SCMs react at later ages, making most of their contribution to
microstructure after the age of 28 days. Specifying strength at later ages (e.g., 56 or 90 days
rather than 28 days) would exploit the late pore refinement of such blended systems,
indicating another regulatory barrier. Machine-learning-assisted mix design targeting
90-day strength has been shown to cut cement content by roughly 10% [57].

Structural design can also contribute to larger gains upstream. Belizario-Silva et al. [58]
provided a wide empirical benchmark for Brazilian reinforced-concrete structures of
35–140 kg CO2/m2, showing that buildings of the same height can differ four-fold in
embodied carbon as a result of designer choice. Olsson et al. [59] presented estimations
of percentage reductions of up to 76% of cement-and-concrete greenhouse-gas emissions
and 65% of cement demand via engineering and structural-design decisions alone. At the
building scale, Hafez et al. [14] also show that adding up interventions such as waffle slabs,
span reduction, and low-binder concrete can cut down the embodied carbon of a mid-rise
building roughly 75% (from about 232 to 58 kg CO2e/m2). The figures may need some
verification but they remain informative. The implication that the design decision may be
the single largest lever makes it surprising that this is also one of the least incentivised
strategies by current policy.

A further potential source of savings on the demand-side is derived from the safety
margins that are prescribed and accumulate along the chain. On-site concrete mixes are
routinely designed to be stronger, i.e., richer in binder content, than the basic level. This
is because conformity requires complying with a target strength above the characteristic
value. It is common practice in engineering. A clear example is EN 1992-1-1 [60], which
applies a partial increasing factor of 1.5 to concrete (against 1.15 for steel), with reductions
permitted (in its Annex A [60]) that are rarely invoked.

Precast production provides an industrial setting with lower variability and risk,
creating more scope for practitioners to implement the reductions. In this respect, greater
industrialisation in the sector can lead directly to reduced cement consumption in concrete
production. A proactive policy example is provided by the Argentine code for concrete
structures, which links permitted strength margins to the producer’s quality control regime
(following the same logic as Eurocode 2’s Annex A [60]). It distinguishes between producers
with and without certified quality systems. Highly penalising the lack of quality control
with larger margins (i.e., more cement content and higher costs) promotes reductions in the
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variability of the strength of products. The specified strength, defined as the value under
which a certain fractile of results are expected to fall, can be computed to a lower value
after rising this fractile value from the historical 5% to 10% after a quality assurance system
is implemented. The reduced variability for the strength of products can help saving up to
40 kg CO2eq/m3 concrete [61].

Cutting on indirect emissions is also possible. For formwork, designers commonly
consider utilisation ratios around 80% of the code allowance for repeating uses. Such
over-design must also be accounted for within the material efficiency of cement-based
concrete [62], and its removal depends on a cultural rather than a technical change. Many
other examples can be considered, in all cases derived from who carries the consequence
of being wrong rather than any structural necessity. Since all over-design margins are
multiplicative, even modest improvements at a certain level have a noticeable impact on
carbon efficiency.

5.3. Reuse, Circularity and Material Efficiency

Circularity approaches have evolved to better address waste hierarchy. Many strate-
gies for recycling waste concrete are available [63], but reusing structural components rather
than recycling them into low-grade aggregate started receiving more attention in recent
years. Monolithism in concrete construction is still the norm, but modular construction
with prefab elements has led to significant development of cold joints. Such joints can also
be adapted to favour deconstruction and limit damage to such elements. Küpfer et al. [64]
demonstrate that cutting and reusing reinforced-concrete slabs from existing buildings can
reduce embodied carbon up to 80%, down to as low as about 5 kg CO2/m2 floor. Such
approaches are extremely efficient for carbon savings and also dematerialization, but they
require the creation of new supply chains, feasibility in terms of technical specifications
and design, and contracting expertise that are not yet present at scale.

There are also studies presenting less optimistic results on the demand-side strategies.
Almasailam et al. [13] indicated that the increase in cement content to reach higher-strength
concrete can nullify the structural saving with less volume of concrete. The level of efficiency
of the design depends on the functional unit under consideration. Demand-side reductions
(such as the 76% of [59]) are not guaranteed but conditional to the specific case.

Low-cement concrete also brings operational challenges. Lowering the cement paste
volume in concrete can reduce workability, increase the risk of early cracking, and slow
strength development. As a result, improved quality control in terms of curing, water
content control, and additional compliance testing becomes more critical, yet it is not always
straightforward to implement under on-site conditions. In addition, prescriptive codes
often mandate minimum cement contents and can limit radical approaches when these are
perceived risky in terms of compliance and liability. Designers and contractors specifying
reduced binder content face additional exposure for any underperformance, frequently
without contractual mechanisms that would allow them to profit from the carbon reduction.
These obstacles involve economic, contractual, and cultural aspects that put pressure on
these dispersed actors who are the least able to bear them.

6. Comparative Assessment of Decarbonization Pathways
The two pathways are definitely complementary. There is no single route that can fully

decarbonize the sector, and even if the supply-side measures could reach up to, e.g., 80% of
the needed reduction, the remaining 20% requires demand-side efficiency [5]. The largest
demand-side contributions identified by Watari et al. [5] come from material-efficient
design (9%), more intensive use of buildings and infrastructure (11%) and service-life
extension (4%), and their analysis indicates that demand-side action deployed at high
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technical potential removes the need for mass CCS deployment altogether. Georgiades
et al. [37] assess European cement production alone through prospective life cycle assess-
ment, attributing by 2050 and relative to 2020 some 42% to clinker substitution, 25% to
alternative fuels and 12% to improved kiln efficiency, which combine to about 58% without
carbon capture and 88% with it. This particular study is bounded at the factory gate and
does not address demand-side measures at all. Bataille et al. [65], focusing on the Global
South (cases of India, Brazil, and South Africa), find substantial mitigation potential on
both the production side (58–71%) and the demand side (13–26%) under current-policy
scenarios. However, the fact that countries are still building basic infrastructure means
that the production side may deliver more short-term cumulative mitigation, because it
can be addressed through a small number of high-capacity actors, whereas demand-side
material efficiency will require decades of educational and regulatory efforts. This is an
important contrast to Europe-centric optimism regarding the demand-side action. The
institutional capacity to coordinate dispersed actors is weaker in the Global South, making
the atomisation problem more acute. Habert et al. [12] argue that the contribution of all
stakeholders across the whole supply chain could reach about 50% emissions reduction if
they are all engaged, even without heavy investment in new industrial infrastructure or
modification of existing standards. The atomisation issue may be underrepresented in their
estimations, as the stakeholder diversity is not leveraged across the value chain.

Figure 3 illustrates the predominance of the potential on the supply side. The values
are not directly comparable because the estimations differ in baseline, system boundary,
scope, and time horizon (Table 1). Because this comparison is merely illustrative, in
Figure 3b, the estimates from [5] and [65] are expressed as a share of the total abatement
in those same reports (the only normalisation that the published information allows),
although under their own corresponding baselines and boundaries. Such normalisation is
not feasible for [12,37,59]. Still, the mitigation potential consistently shows three to four
times the contribution potential on the demand side.

Figure 3. Reported potentials for supply-side and demand-side actions. Note: The representation is
illustrative for the consistent dominance of the supply-side potential, and direct comparison between
values must consider that the studies differ in baseline, system boundary, scope, and time horizon.
Sources: Watari et al. (2022) [5], Bataille et al. (2023) [65], Georgiades et al. (2023) [37], Olsson et al.
(2023) [59], Habert et al. (2020) [12].

The sequencing, emphasis, and expected actions are still a matter of discussion, con-
sidering the local conditions for various dimensions (Table 2). The contrast in terms of
weaknesses and strengths of each strategy is stronger in terms of principal actors (and atom-
isation level), standardisation, and ability to pass costs downstream. The only dimensions
in which the demand-side potential shows some advantages over the supply-side potential
are the primary decarbonisation mechanism (as the demand-side can contribute mitigating
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both carbon and material intensity), and typical reported CO2 reduction (although these
values must be read in the context of respective methodological approaches).

Table 1. Geographic scope, system boundary, baseline and horizon of studies reporting mitigation
potentials for the two pathways.

Study Geographic Scope System Boundary Baseline/Horizon

Watari et al. [5] Global Cement and concrete cycle, including material use 2020/2050

Bataille et al. [56] India, Brazil, South
Africa

National cement and concrete, current-policy
scenarios ≈2020/2050

Georgiades et al. [29] EU Cement production, factory gate 2020/2050

Olsson et al. [50] Global Concrete production, near-term portfolio ≈2020/near-term

Habert et al. [14] Global Full value chain, qualitative stakeholder
assessment ≈2018/not specified

Table 2. Heatmap and side-by-side comparison of the low-carbon cement (supply-side) and low-
cement concrete (demand-side) pathways across various dimensions.

Dimension Low-Carbon Cement (Supply-Side) Low-Cement Concrete (Demand-Side)

Primary mechanism Lower the carbon intensity of binder
(CO2/tonne of cement)

Lower the binder content and concrete volume to deliver
a functional unit

Principal actors
Clinker and cement producers (few,

concentrated)
(100–102 clinker and cement producers)

Concrete producers, structural designers, architects,
contractors, owners (many, atomised)

(102–104 concrete producers; 103–105 design offices;
104–106 contractors; 105–107 clients and owners)

Representative
measures

Clinker substitution/SCMs, LC3, alternative
binders, alternative fuels, kiln efficiency,

CCUS, mineral carbonation

Performance-based and packing-optimised mixes,
later-age strength, structural optimisation, component

reuse, lower exposure-class specification

Technical maturity High for SCM blends and LC3; low–medium
for alternative binders and CCUS

Medium–high for mix optimisation; low–medium for
structural reuse and circular design

Typical reported CO2
reduction

≈25–50% per tonne binder (SCM/LC3); up to
≈88% with CCS (process-level)

Up to ≈76% of concrete GHG and ≈65% of cement
demand at building/system level [59], values contested

Indicative cost
increment at the
point of action

Clinker substitution frequently requires
significant initial investment, with

operational cost-neutral or cost-negative

CCUS ≈140 €/t CO2 and ≈1130 € per annual
tonne of capture capacity at first-of-a-kind
scale [44,52], against an EU allowance of

about 83 €/t CO2 in 2026

Mix and structural optimisation largely cost-neutral in
materials; the increment falls on design effort, testing and

quality control, for which no systematic figures exist

Standardisation Mature and expanding (EN 197-1; EN 197-5
CEM II/C-M, CEM VI)

Lagging; prescriptive minimum-binder rules persist;
performance-based codes incomplete

Performance/
durability risk

Largely within established performance
envelopes for proven SCMs

Higher and case-specific (workability, shrinkage, strength
development, durability)

Cost incidence Concentrated at the kiln/plant Distributed across design, specification and construction

Ability to pass costs
downstream and

cost increment at the
completed assets

High (cost dilutes to ≈1% of building cost).
≈+1% of total building cost for a

near-doubling of the cement price [66]; ≈+1%
of bridge construction cost for CCS-based

cement and steel, with ≈51% lower
construction CO2 [67]

Low and fragmented; weak contractual mechanisms to
capture value. Cost increments not quantified; the saving

arises where the design decision is made, but no
contractual mechanism transfers it to that actor

Main barriers SCM supply limits; CCUS cost;
activator/qualification for novel binders

Prescriptive codes; liability and insurance; fragmented
incentives; conservatism

Biggest weakness Biggest strength
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Habert et al. [12] established the most realistic decarbonization strategies through the
full value-chain of cement and concrete. Marginal gains accumulate as efforts from the
various stakeholders materialise. Within each group of stakeholders, the environmental
efficiency level for a given strategy would also be very variable. This adds up to the
significant number of cement types and cement-based products in the market.

The qualitative assessment by Habert et al. [12] addresses the various types of stake-
holders and their potential actions towards decarbonization in terms of number of actors,
available investment, market penetration and applicability, and carbon reduction for each
technology. Comparatively speaking, the number of actors is characteristic for each type of
stakeholder, with the clients being the most numerous and the clinker production sector
being the least. With fewer stakeholders, the individual level of impact increases when, e.g.,
a cement plant implements low carbon technologies compared to low carbon technologies
implemented in the construction of a certain building.

Moreover, incentives (regulatory and economic) are very variable across the value-
chain, with cement producers receiving the highest regulatory pressure but being able
to pass the burden through cost additions, and clients receiving the least pressure but
seeing the impact on the cost they need to afford. Such regulatory and economic pressure
is captured by the available investment, and it can be translated into a certain investment
attractiveness for further decarbonization. At the same time, for the various possible actions
towards decarbonization, a certain level of decarbonization potential can be defined based
on the level of market penetration, applicability, and carbon reduction for the technology.

Based on the qualitative stakeholder assessment of Habert et al. [12], an analysis of
the structural asymmetry between pathways is presented in Figure 4. Each decarboniza-
tion action is addressed by its investment attractiveness (a proxy for the regulatory and
economic pull on that actor) and by the relative individual leverage of the actor (the in-
verse of the number of actors who must act). The bubble areas are proportional to the
decarbonization potential of each action, calculated as its carbon-reduction score multi-
plied by its market-penetration score (both transcribed from the qualitative assessment of
Habert et al. [12]). Bubble areas are comparable with one another but carry no absolute
units. Supply-side actions (CCUS, clinker substitution, alternative cements) occupy the
high-leverage, high-attractiveness upper region, whereas demand-side actions (structural
optimisation, optimised design, mix optimisation, recycling) are positioned in the low-
leverage, low-attractiveness lower-left. This offers a clear and consequential pattern aligned
with previous analysis in Table 1.

The closer the technology is to the upper-right corner and the its larger bubble, the
highest its potential impact of singular implementation for the decarbonization roadmap
of the sector. The fact that low-carbon concrete/construction technologies group in the
bottom-left corner is a result of the significant atomisation of the value-chain in this segment,
resulting in low bargaining power at individual level. The decarbonisation potential may
be similar to actions in the segment of the value-chain corresponding to low-carbon cement,
but their impact would demand additional effort and policy actions to reach a similar
impact to that of actions on the top-right corner.

Notably, the fact that carbon capture and storage sits in the large-investment attrac-
tiveness zone deserves additional discussion. These technologies are commonly addressed
as expensive decarbonization alternatives when compared with other options. Still, the
cement industry indicates them as the viable solution to achieve net zero emissions [68].
To some extent, this may be read as a result of coping with the fact that full clinker sub-
stitution is not achievable, and a fraction of process emissions remains unavoidable. The
implementation of CCS in the sector under current conditions means a measurable impact
on production costs. It is not yet clear whether CCS will be able to contribute to the decar-
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bonisation strategy while keeping costs competitive, and much progress in this field is still
needed towards the implementation of such reductions.

Figure 4. Stakeholder leverage and decarbonization potential across the value chain, re-analysed from
data in [12]. Supply-side actions concentrate in the high-leverage, high-attractiveness region; demand-
side actions cluster in the low-leverage, low-attractiveness region despite comparable decarbonization
potential, reflecting the atomisation of demand-side actors.

The decarbonization potential of demand-side actions, even when considered broadly
comparable to that of several supply-side actions, demands additional coordination, incen-
tive, and policy effort for its realization to overcome the low bargaining power of atomised
actors. The main contrast between the two pathways does not lie in what they could deliver,
but on how easily the prevailing institutional structure lets them deliver it.

The literature agrees that no single technology suffices, that clinker substitution is
the most mature and immediately deployable lever, and that demand-side efficiency is
necessary for net zero. It remains unresolved on three others. The magnitude of demand-
side potential is variable depending on the source. Olsson et al. [59] indicate potential
reduction up to 76% in great contrast with results from Bataille et al. [65] of 13–26%. This gap
is partly explained by the specific geography and boundary. Approaches for quantification
of CO2 uptake via carbonation are inconsistent across studies, and this is an obstacle to
the significant potential shift in the supply–demand balance. The comparative ranking of
technology efficiency is unstable across LCA conventions (see more details in next section),
a fact that is not trivial considering that they determine which pathway is presented as the
more advantageous.

A growing body of work argues that the comparison cannot be settled on techno-
economic grounds alone, because the sector is a socio-technical system in which technolo-
gies, business models, regulations and professional cultures evolve together. Griffiths
et al. [8] argue that incumbency, lock-in, and the slow turnover of standards and skills
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shape which decarbonization options get adopted at least as much as their abatement cost
does. System-dynamics modelling reinforces the point. Ige et al. [43] show that cumulative
emissions are determined not only by the introduction of mitigation measures but also by
the way they interact with each other, i.e., not just by their static potential. As a result, early,
mature measures can dominate the decarbonisation trajectory even when later measures
have greater ultimate potential. Kumar et al. [69] similarly argue that reaching net-zero
cement requires systems thinking that aligns strategic policy with the structure of the value
chain rather than optimising single technologies in isolation. The contrast between supply
and demand sides is not so much in terms of engineering potential as it is of incentive and
institutional design.

7. Life Cycle Assessment Challenges in Cross-Strategy Assessment
Comparisons between strategies are as reliable as the LCAs that feed them. Research

on LCA does not always make its own limitations transparent. Inconsistent system bound-
aries, functional units, and allocation rules undermine the reliability of comparisons across
systems [70,71]. Consequently, two methodologically defensible studies can rank the same
pair of technologies in opposite orders. Any assertion that one pathway is more carbon effi-
cient than another must specify the convention under which the claim is valid. A summary
of LCA methodological possible choices and their effect on cross-strategy comparison is
presented in Table 3.

The functional unit is the most consequential choice. Mass-specific and volume-
specific units benefit low-binder and low-clinker mixes; strength-specific units can change
that ranking; service-life-specific units can change it further. Van den Heede and De
Belie [70] demonstrated that mass- versus strength- versus service-life-based functional
units may reverse the ranking of green concrete mixes. Another direct example of this for
graphene-amended cementitious composites flips solutions from environmentally worse
to better depending on whether the functional unit is normalised by volume, strength
or durability [72]. The demand-side pathway is defined by functional efficiency and is
therefore systematically undervalued by the material-level (per-mass) units that dominate
current practice and policy.

Boundary choices matter almost as much as the functional unit. Cradle-to-gate bound-
aries are typical in Environmental Product Declarations in Europe. In these, the use and
end-of-life phases in which durable low-binder options recover their advantage and in
which carbonation re-absorbs a portion of the original calcination CO2 are disregarded. The
wide variation in uses and construction practices makes it unfeasible to address stages later
than gate. The accounting treatment of this carbonation uptake is decisive [5]. Literature
still needs to mature and offer consistent approaches in terms of the carbon sink potential of
cement-based infrastructure and avoid the significant inconsistencies in terms of how much
residual mitigation the demand side can offer. Carbonation was historically addressed
mostly as a durability issue, with assessments of the progress of the carbonation front but
lacking quantifications on the amount of CO2 effectively taken up [73]. Such research also
focused mostly on Portland cement without supplementary cementitious materials, and
the most common low-carbon cements in the current market are highly underrepresented
even though their carbonation behaviour is quite different from CEM I [74]. Insufficient
availability of data is part of the current difficulties to extend boundaries in LCA.

Because SCMs are industrial by-products, the emissions allocated to them depend
on the allocation rule chosen (i.e., mass, economic, cut-off or system expansion). Van den
Heede and De Belie [23] showed that economic allocation coefficients for fly ash of 4.3% (as
proposed for Canada, 2017, by Seto et al. [75]) make low-carbon cement options with high-
volume fly ash replacement no longer environmentally worthwhile in comparison with
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CEM I. Teh et al. [76] provide a clear demonstration of this by using hybrid input–output
LCA. A higher greenhouse-gas estimate is systematically found for Portland cement and
all concrete types than process-based LCA yields. Results for geopolymer concrete change
dramatically depending on the allocation rules for emissions from fly ash and slag. As
primary steel and coal power decline, the economic value (i.e., the economically allocated
burden) of slag and fly ash will rise, so the actual outcome is also dynamic over time.

Two methodological advances intend to mitigate these problems. Prospective LCA
models procure consider background systems (e.g., cleaner grids, alternative fuels) rather
than freezing present conditions. This is essential for 2050 claims, provided the significant
changes already expected in the next couple of decades ([37,77]). Probabilistic LCA prop-
agates uncertainty rather than reporting single point estimates. Huang et al. [78] report
14–29% life-cycle-cost reductions for LC3 concretes with 80–100% probability, and Sam-
bataro et al. [79] derive country-specific European benchmarks with standard deviations
two-to-seven times smaller than generic background databases, together with a quantified
reduction of roughly 7–9 kg CO2eq per tonne per one-per-cent clinker reduction. These
are exactly the tools required for a credible cross-strategy comparison, but they are not
yet standard.

Table 3. Principal LCA methodological choices and their effect on cross-strategy comparison.

Methodological Choice Common Options Effect on Cross-Strategy Comparison Sources

Functional unit per kg/per m3/per MPa/per
durability or service unit

Can reverse the ranking of two
technologies [70–72]

System boundary
cradle-to-gate vs.

cradle-to-grave (i.e.,
with/without use phase)

Omitting service life penalises durable
low-binder options [71]

CO2 uptake (carbonation) included/excluded Decisive for net-zero claims; shifts the
demand-side balance [5]

By-product allocation mass/economic/cut-
off/system expansion

Swings results for slag/fly ash blends,
geopolymers, and other novel SCMs [76]

LCA approach process-based vs.
input–output hybrid

Hybrid typically yields higher GHG
estimates [76]

Temporal scope attributional present vs.
prospective scenarios

Background grid/fuel assumptions
dominate 2050 results [37,77]

Uncertainty treatment deterministic vs. probabilistic
(Monte Carlo)

Deterministic point estimates overstate
precision [78,79]

An illustrative example of the magnitude of these effects is given in Table 4. A
comparison for the same structural floor made with three binder options is presented: M1,
strength class C35 with CEM I; M2, strength class C35, with CEM III/B with 70% ground
granulated blast-furnace slag; and M3, strength class C50, with LC3-50 cement. The most
favourable mix (lowest Global Warming Potential) is M2 under a volume-based or surface-
based functional unit, M3 under a strength-normalised unit or if the slag carries an economic
allocation of part of the blast-furnace burden instead of a cut-off. The ranking of the same
two mixes reverses depending on each of these four defensible conventions. These values
are indicative and lie within published ranges, but they work as an example that the choice
of convention carries distributional consequences, with volume-based units systematically
favouring the supply-side pathway while function-based units systematically favour the
demand-side one.
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Table 4. Illustrative effect of the functional unit and of the allocation rule on the ranking of three
binder options delivering the same structural floor. M1: CEM I, 340 kg/m3, C35. M2: CEM III/B with
70% GGBS, 360 kg/m3, C35. M3: LC3-50, 340 kg/m3, C50. Values are indicative and lie within the
ranges reported in published EPD analyses [80,81] and allocation studies [23,75,76].

Basis of Comparison M1 M2 M3 Ranking

per m3 of concrete (kg CO2e/m3) 310 160 215 M2 < M3 < M1

per MPa, per m3 (kg CO2e/m3 per MPa) 8.86 4.57 4.30 M3 < M2 < M1

per m2 of floor (kg CO2e/m2; slab 0.24 m at C35, 0.20 m at C50) 74.4 38.4 43.0 M2 < M3 < M1

per m2 of floor, with economic allocation of 15% of the
blast-furnace burden to GGBS

74.4 63.6 43.0 M3 < M2 < M1

A claim that low-carbon cement and low-cement concrete impose different burdens
on different stakeholders presupposes comparable LCAs as an input, and that input does
not yet exist. A harmonised convention (an agreed functional unit and allocation protocol
designed specifically for stakeholder-burden comparison, ideally probabilistic and prospec-
tive) would be a substantial contribution and a precondition for evidence-based policy.
Until it exists, comparative carbon claims should be read as convention-dependent rather
than absolute.

8. The Carbon Cost Burden Across Stakeholders
Rootzén and Johnsson decompose how cement carbon-abatement costs propagate

along the value chain up to end-use as a residential building. Their central finding is that
cost impact decreases substantially at each transformation stage, from limestone to final
end-use (Figure 5). The endpoint dilution for the completed building (1%) is an estimation
for a residential case [66]. The intermediate stages are derived from the cost of the structure
for this residential case (cement represents approximately 18% of ready-mix concrete cost,
considering 340 kg cement/m3 concrete at a reference cement price; concrete represents
approximately 45% of the cost of the structure, considering 0.63 m3 concrete/m2 building
and a cost of 158 €/m3 concrete and a total cost for the structure of 220 €/m2). A large
relative cost shock at the kiln becomes almost imperceptible at the building, with a near-
doubling of the cement price raising the total cost of a residential building by only about
one per cent. Another assessment of a bridge built with CCS-based cement and steel also
found an increase of about 1% in total construction cost (linked to a reduction of ~51% in
the CO2 associated with construction [67]). These two independent studies of different
asset types, which converging on the same order of magnitude, suggest the acceptable
generalisation of the dilution mechanism. Such results are considered strong evidence of
decarbonization costs being affordable for the sector.

Deviation from the residential and bridge cases would be largest when cement costs
account for a substantially different share of the cost of the functional unit. By replacing the
CO2 term in Equation (1) by the term “decarbonisation cost”, the decarbonisation cost per
tonne of cement can be used to estimate the equivalent decarbonisation cost per functional
unit. Consequently, cement content per functional unit and total cost per functional unit
determine the dilution of decarbonisation costs of each construction typology compared to
residential buildings or bridges. Two examples showing notable differences are concrete
pavements and marine structures.

A continuously reinforced concrete motorway pavement in Belgium used about
105–112 kg of cement per m2 of pavement (0.23 m slab at 400 kg/m3 over a 0.25 m cement-
treated base at 50–80 kg/m3 [82,83]). At a cement cost of ~90 €/t, this represents 10–14% of
the pavement construction cost, estimated at 83–94 €/m2 [84]. A 60–100% rise in cement
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price due to decarbonisation costs would raise the cost per lane-km by 6–14%. This is
roughly ten times the ~1% found for buildings and bridges in [66,67].

Figure 5. Schematic dilution of a carbon-abatement cost shock along the value chain. Endpoint +1%
of total building cost is from Rootzén and Johnsson [66] for a residential case; intermediate stages are
estimations based on relative costs.

Marine structures cover a wide range of cost exposures because their functional units
may range from pure civil works to energy assets, for which equipment dominates the
cost. A marine quay wall such as the Deurganckdok in Antwerp, 26 m height and 5230 m
length, consumed approximately 1.29 Mm3 of concrete [85]. At ~350 kg of cement per m3

of concrete, this corresponds to 85 t cement per m of wall, with a cement-attributable cost
of 7.65 k€ compared with a total construction cost of 110–220 k€/m of wall, i.e., roughly
4–12% of the cost. In this case, a 60–100% rise in the cement price would raise the cost of
the wall by 3–12%, also above the ~1% previously reported. At the other extreme, a gravity-
base foundation for a 5 MW offshore wind turbine at Thornton Bank used 1085 m3 of
concrete with 450 kg/m3 of CEM III [86], equivalent to about 98 t of cement per MW, which
represents only 0.4–0.6% of the installed cost of offshore wind, estimated at 2.8 k€/kW [87].
The dilution of costs depends on the specific type of marine structure.

To varying degrees, the distributional sting of decarbonization costs is often over-
looked. The cost vanishes as it is passed downstream and spread across a building’s much
larger cost base. The aggregated affordability should, however, not be presented as neutral
incidence. The stakeholders at the end of the value chain paying, e.g., an additional one
per cent are not the actors who could capture value from carbon efficiency.

Cement producers receive the greatest regulatory pressure and entail the greatest
pass-through ability. These actors are few, capital-intensive, and visible to regulators (with
CBAM and the EU ETS targeting them directly), but their position allows them to embed
decarbonisation costs in product prices that dilute downstream [66]). Their decarboniza-
tion economics are increasingly beneficial as carbon is priced. Clinker substitution has
developed relatively fast in such capital-intensive sector because it lowers both emissions
and cement cost. This has fuelled investment in novel SCMs and blended systems such
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as LC3 systems in recent decades, as an efficient route to further reduce clinker factors
even with declining availability of slag and fly ash. Nowadays, CO2 mineralisation or
CCS are technologies still to be upscaled, and the main reason for this is that for them
to become profitable the right policy needs to be implemented [42,88,89]. A more direct
contribution comes from CO2 uptake of cement-based products via natural carbonation.
There are current methodologies for this accounting, implying zero impact on production
costs, but their reliability is still under discussion. Their main risks are the capital and
stranded-asset exposure of CCS, and product-qualification risk for novel binders, not the
everyday liability that weights on downstream actors.

The beneficial framing of the business cases for mineralisation and CCS is conditional
on carbon prices, storage certification and off-take markets that policy must create [42,89].
The incentive to invest in decarbonisation technologies is itself a policy variable. Addi-
tionally, concentration gives those big players power to act beyond the ability to pass
costs downstream. From an innovation-ecosystem perspective, Stokke et al. [90] show that
upstream suppliers such as cement producers can actively shape the public-procurement
environment in which they compete. The level of concentration makes cement produc-
ers easy to regulate but also makes them effective at shaping the rules, with a potential
roadmap-authorship bias (see next section).

Concrete producers occupy an intermediate position. They can implement SCM
substitution and mix optimisation within existing practice. Carbon with increasing value
should lead to low-clinker and optimised mixes being commercially advantageous. An
important aspect to consider is that in the current environment cement producers have
become important actors at the level of concrete producers as well. This helped optimising
the value chain logistics but also facilitated the transfer of environmental and economic
costs between the two levels within multicompany structures. Small players still exist and
promote sectorial interests via federated organisations. Such organisations have, however,
a reduced capacity for coordination and fast adaptation to new rules. The absorption of
the performance and quality-control risk of reduced-clinker mixes with the propagation
of low-clinker cements is a clear example of this. Small producers remain using high
clinker cements or higher cement contents in mixes in proportion to their lower level
of technification and investment capacity. Concrete producers are more numerous and
less concentrated than cement producers, with some players also well aligned with the
perspective of cement producers. As a result, their individual bargaining power and ability
to pass costs on reduce significantly.

Designers and specifiers exert substantial influence over embodied carbon [14,58].
However, they encounter some of the weakest incentives and the greatest exposure to
liability. A list of examples of mechanisms acting on liability for designers, specifiers, and
contractors is presented in Table 5, together with the decarbonization measures covered
and their limitations. A designer who specifies an optimised structural system assumes
professional-liability risk for any under-performance, frequently without a contractual
mechanism to be rewarded for the carbon saved. This combination of high leverage and
high risk without compensation is the most significant weakness of the demand-side
adoption problem.

Contractors inherit execution and defect risk. Designers and specifiers must ensure
that their optimised choices are correctly implemented in the field. For example, low-binder
concretes demand stricter site control as it involves greater liability risks derived from any
consolidation, cracking or strength non-conformity. Because they are numerous and operate
on thin margins, contractors have little incentive to pioneer demand-side approaches and
strong incentive to default to proven, prescriptively specified mixes against the intention
of designers.
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Clients and owners face the least direct regulatory pressure but ultimately absorb the
decarbonization cost (i.e., the residual one per cent estimated by Rootzén and Johnsson [66].
However, they hold, as a whole, a significant decarbonization potential. Such potential is,
however, divided among a very large number of weakly coordinated decision-makers. The
cost faced and residual-value uncertainty significantly reduce the willingness to pay for
lower-carbon construction.

The incidence of the burden also differs sharply by geography, which the Europe-
centric literature can obscure. In economies still building out basic infrastructure, the
same atomisation problem is compounded by weaker institutional capacity to coordinate
dispersed actors. Then, the production side with a small number of actors is both the easier
short-term target and the one most exposed to trade instruments like CBAM [65,91]. In
such settings, the “one per cent” affordability estimation from Figure 5 may not hold, due to
differences in the regional cost base of construction, the structure of the contracting market,
and the elasticity of demand. The cost-burden problem is in reality more variable than
presented in Figure 5, with individual curve shapes depending on typology and region.

Table 6 presents asymmetries across stakeholders, indicating the different levels of
regulatory pressure, cost pass-through ability, and individual leverage concentrating up-
stream. Adoption risk concentrates downstream, i.e., on designers, contractors and owners,
reducing their feasibility and investment attractiveness, as already described in Figure 4.
Miller et al. [15] frame engagement of stakeholders as the binding constraint, with most
solutions being economically viable only once carbon is priced. Carbon pricing reaches the
upstream actors far more effectively than the downstream ones.

Table 5. Mechanisms in current practice that act on the liability exposure of downstream actors
implementing decarbonisation measures.

Mechanism Type Effect on Liability
Exposure

Real-World
Example

Decarbonisation
Measures
Covered

Limitations Ref.

Alliance
contracting Contractual

Replaces claims
between parties with

pain/gain sharing
against a common

target, so the
underperformance of
a design innovation
becomes a shared
cost rather than a
claim against its

author

Anglian Water
@one Alliance

Structural and
mix

optimisation;
material

substitution

Limited to large
repeat clients;

reported carbon
reduction not

attributed to the
risk-sharing
mechanism

[92]

Carbon-
performance

payment
Contractual

Converts carbon
outcomes into

pre-agreed bonuses
and deductions

based on
performance; where
it applies, payments
are excluded from

the liability cap

Secondary
option within

the NEC4
standard forms

Any measure
with

measurable
embodied

carbon

Allocates
carbon-outcome

risk; does not
address technical-

performance
liability and may
add to exposure

[93]

Carbon budget
with liquidated

damages
Contractual

Fixes in advance the
damages per tonne of

CO2e above the
budget, turning

open-ended carbon
claims into a known

rate

Chancery Lane
Project

Any measure
with

measurable
embodied

carbon

Model clauses;
uptake in contracts

not publicly
documented; no

effect on technical-
performance

liability

[94]
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Table 5. Cont.

Mechanism Type Effect on Liability
Exposure

Real-World
Example

Decarbonisation
Measures
Covered

Limitations Ref.

Equivalent-
performance in

concrete
standards

Standardisation

A reduced-cement or
alternative-binder
composition that

passes comparative
durability testing

becomes
standard-compliant

NBN B15-100 in
Belgium [95]

Clinker
substitution;
alternative

binders;
reduced cement

content

Mix level only, not
structural

optimisation;
testing time and

cost per
composition

[96]

Integrated
Project

Insurance
Insurance

One insurance policy
covers the whole
project team, who

agree not to sue each
other; losses from
cost overruns or

hidden defects are
paid regardless of

fault, after an
independent revision

Dudley College
Advance II;
Institute of
Transforma-

tional
Technologies

Any design
innovation,
including

reduced-binder
and optimised

structures

Few projects,
mainly UK; trials
targeted cost and

operational energy,
with no

documented
embodied-carbon

case

[97,98]

Insurability
through
technical
approval

Insurance/
technical
approval

Officially assessed
building methods are

automatically
covered by France’s
compulsory 10-year

insurance; new
methods must be
disclosed to the

insurer in advance,
so an official

assessment makes an
innovative material

insurable

CSTB ATEx
3305_V3

Novel binders;
non-standard

structural
techniques

France-specific;
approvals limited
in time or scope;
cost borne by the

applicant

[99]

Table 6. The stakeholder asymmetry matrix.

Number
of Actors

Regulatory
Pressure

Cost Pass-
Through
Ability

Individual
Leverage

Aggregated
Decarbonization

Potential held

Adoption
Risk

Borne
Clinker producer Low High High High Med Low
Cement producer Low High High High Med Low
Concrete producer Med Med Med Med Med Med

Engineering/design office Med Low Low Med Med High
Architect Med Low Low Med Med Med

Contractor/builder High Low Low Low Low High
Demolition/recycler Med Low Low Low Low Med

Client/owner High Low Med Low High High
Note: The colour code indicates the convenience of implementing each decarbonisation strategy
(green: most convenient; yellow: intermediate; orange: least convenient).

The main gap in the data remains at the level of willingness to pay the decarbonisation
costs. The policy literature assumes stakeholder engagement. The engineering literature
assumes that end-users will buy the best available product. There is, however, no evidence
on how much carbon reduction costs contractors, specifiers and owners would actually be
willing to pay. Some industry surveys try to reflect the willingness of respondents to pay a
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premium for CO2 reductions, but such data still requires independent verification. More
solid cost-burden studies are necessary to develop effective strategies and policy for the
various building typologies.

9. Policy Instruments and Their Embedded Biases
Among policies, carbon pricing generally beats regulation and voluntary instruments

on both efficiency and innovation [2,100]. However, cement and concrete markets are
concentrated and exposed to trade, so carbon pricing alone makes carbon leakage more
likely and must therefore be paired with border protection. Pricing also acts most strongly
where emissions are concentrated and measurable (i.e., at the kiln) and only weakly on
the dispersed and hardly measurable decisions that drive material demand. Thus, carbon
pricing leans on the supply-side by construction of this instrument.

The EU CBAM is the most direct example of an instrument designed for a specific
path. It taxes imports based on their embedded emissions, which are directly defined by
clinker content. Producers are thus incentivised to lower clinker factors [101]. CBAM can
reduce carbon leakage; however, it raises EU ETS prices and can penalise EU downstream
exporters not covered by the mechanism [101,102]. A key point is that CBAM assesses
carbon at the material level (i.e., per tonne of clinker), therefore rewarding low-carbon
cement while disregarding design approaches that use less cement.

European Green Public Procurement [103–106] and American Buy Clean ([107,108],
discontinued in 2025 [109]) mandates are potentially powerful levers, because public
buyers can demand low-carbon outcomes at scale. Busch et al. [110,111] identified green
procurement and the shift from prescriptive design to performance-based specifications
as the two most impactful actions. As a limitation, in practice most instruments focusing
on procurement and EPD-threshold use indicators for declared carbon per material unit,
which again rewards improvements at the material level rather than dematerialisation.
Moreover, the supporting EPD infrastructure is still immature on its own. Systematic
analyses of published concrete and cement EPDs [80,81] showed that coefficient ranges
can be used for benchmarking and target-setting. However, EPDs are not yet standardised
enough to be compared reliably across manufacturers [112,113]. Procurement that leans
on non-comparable EPDs inherits their unreliability. This is critical because upstream
suppliers may actively shape procurement ecosystems to their advantage [90] and existing
implementations display wide cross-country variations [114].

The pattern across instruments is consistent (Table 7 and Figure 6). Most deployed in-
struments (CBAM, EPD thresholds, carbon pricing) act at the material level and structurally
favour supply-side measures; functional instruments remain rare and immature. Lower car-
bon per tonne or per cubic metre is normally rewarded, and only less mature instruments
(e.g., performance-based specifications, whole-building embodied-carbon caps) operate at
the functional level where demand-side efficiency resides. A political-economy explanation
for this pattern derives from meta-analysis of decarbonization roadmaps [4], which suggests
that industry-authored roadmaps may systematically emphasise cement-side strategies
while non-industry roadmaps may be more inclusive of concrete-side dematerialisation.
In their analysis of cement and concrete innovation in the Netherlands, Wesseling and
Van der Vooren [115] argued that roadmaps are used by incumbent actors to lobby against
policies which incentivise disruptive change, and instead, they are used to help maintain
the status quo. The strength of this evidence still needs reinforcement. A systematic
corpus-based analysis with quantitative text-mining may prove whether or not authorship
predicts the emphasis of decarbonization roadmaps across a representative corpus. The
roadmap-authorship bias should therefore be best treated as a well-supported hypothesis
rather than as a measured effect.
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Table 7. Policy instruments, the level at which they act, their mechanisms and principal limitations.

Instruments Levels Targeted Mechanisms Limitations

Carbon pricing/EU ETS Material (production) Prices process and energy
CO2 at the plant

Trade exposure and leakage;
weak signal downstream

[2,100]

EU CBAM Material (clinker
content)

Border charge on
embedded emissions of

imports

Targets clinker, not function;
raises ETS prices; exposes

Global-South exporters
[101,102]

Buy Clean/green public
procurement

Material thresholds
(mostly)

Caps embodied carbon of
purchased materials

Usually per-material kg CO2;
rarely rewards using less

material [111,114]

EPD thresholds Material Sets max declared GWP
per product unit

Cross-EPD comparability is
weak [80,112,113]

Performance-based
specifications Functional Specifies performance, not

prescriptive binder content
Adoption incomplete; shifts

liability to specifiers [111]

Whole-building
embodied-carbon caps Functional/structural Limits kg CO2 per m2 of

delivered building
Rare; data and benchmarking

immature [14,116]

Figure 6. Decarbonization policy instruments arrayed on the material-to-function targeting spectrum.

These conclusions transfer only partly to the Global South. The instruments discussed
assume three conditions that are not general: a carbon price that reaches the plant, an
auditable declaration system, and procurement with the capacity to enforce material
thresholds. Where these are missing, a material-level instrument has nothing to act through,
and the binding constraints are different ones: the cost of finance for plant conversion, the
informality of much construction activity, and the absence of benchmark data [65,91,117].
Two asymmetries follow. CBAM acts on exporters outside the EU without giving them the
revenue recycling or free allocation available inside it [101,102]. The demand-side pathway,
limited in Europe by specification culture and liability, is limited here by the capacity to
coordinate dispersed actors, a harder constraint that no current instrument addresses [65].
However, transfer is not one-way. A good example of this is the faster adoption of calcined
clay and LC3 systems in Latin America, Africa, and India than in Europe [118–125]. Thus,
the regions that produce most of the policy literature do not always coincide with those
that have the most extensive practical experience.
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Moving to function-based instruments depends on benchmarking infrastructure that
is not yet available. Whole-building embodied-carbon caps require credible reference
values for kg CO2 per square metre, and the EPD literature shows both the promise and
the immaturity of the data (which is also difficult and more complex to corroborate or
audit than material indicators). Asdrubali et al. [116] benchmark embodied carbon across
insulation, masonry, steel, and stone, placing the contribution of concrete in context, while
Sambataro et al. [79] show that country-specific probabilistic benchmarks are achievable.
Without such benchmarks being standardised and mandated, function-level instruments
lack the measurement base that material-level instruments already possess. This is a further
structural reason for the supply-side bias.

A shift towards performance- and function-based policy means, e.g., replacing pre-
scriptive minimum-binder rules with performance specifications, coupling whole-building
embodied carbon caps with EPD thresholds for each separate material, or rewarding whole
carbon efficiency independently of where it occurs in the chain. Ultra-low-carbon concrete
pathways need coherent policy integration rather than isolated technical fixes [69,126]. Such
instruments would be effective in capitalising on demand-side savings, but their design is
difficult. Performance specification shifts liability onto specifiers, and whole-building caps
requires benchmarking data that is not yet available. An appropriate transition for cement-
dependent regions and workers adds additional constraints [8]. In any case, without these
actions the policy architecture will continue to reward the easiest material-level pathway
and keep the demand-side pathways underexploited.

10. Discussion
Overall, the literature agrees on three main points (e.g., [5,12,15,54]):

• no single technology can decarbonize the cement and concrete sector;
• further lowering clinker factors in cement is the most mature and immediately scalable

lever;
• and demand-side efficiency is necessary for reaching net zero.

There are, however, several unresolved debates. These are not resolved by additional
reviews such as the present. Instead, they require harmonised methods and new primary
data. Among the most impactful, it is worthy highlighting the following:

# the magnitude of demand-side potential is still in debate and partly an artefact of
geography and boundary choices [59,65]; this seems natural as the quality of baseline
data is low;

# carbonation uptake is a main unresolved and very necessary input for decarbonisation;
current data are yet inconsistent and consequential [5];

# the comparative ranking of technologies is very dependent on choices of functional
units and allocation rules [71,72,76];

# and the empirical evidence for cost-burden and willingness-to-pay claims is very
scarce (with only a few examples such as in [66]).

The recurring claim that decarbonization pressure makes low-carbon cement intrin-
sically less risky than low-cement concrete deserves some rethinking before validating
the first one as a clear priority for stakeholders. It is true that low-carbon cement enjoys
established standards (EN 197-1, EN 197-5), proven performance, insurer familiarity, and
concentrated actors able to pass costs downstream, while aggressive cement reduction
carries performance, liability, and codification risks borne by dispersed actors. This should
not be directly translated into the interpretation of a reduced risk for the former. The
risk asymmetry must also address the contrast in standards maturity, contractual struc-
ture, liability allocation, and incentive design. The simplicity of reducing clinker factor
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in comparison with demand-side strategies seems to have translated into an institutional
artefact that should not be interpreted as evidence that low-carbon cement is climatically
or technically superior. Demand-side actions hold comparable decarbonization potential,
but such strategies still lack institutional support. Without comparable approaches, the
effectiveness of both pathways cannot be compared. To read the asymmetry as a reason
to deprioritise demand-side action is to mistake a fixable feature of the current system
for a property of the technologies, and to risk establishing the very bias that roadmap
meta-analysis identifies [4]. Under present institutions low-carbon cement represents the
lower-risk choice for most individual stakeholders, which is precisely why reducing risk
on the demand side should be the immediate priority for policy and contracting.

Most of research in the field has addressed the technology questions, but open ques-
tions remain, mostly at the level of upscaling studies. Some of the most relevant concern:

1. Methodological gaps: A critical methodological need is a harmonised LCA conven-
tion for cross-strategy comparison. An agreed functional unit and allocation protocol,
ideally prospective and probabilistic, must be designed for stakeholder-burden analy-
sis [71,76]. This feeds from a second related gap, which is durability and long-term
field performance. Most alternative cements and low-binder concretes are charac-
terised at 28 or 90 days, with little decade-scale field data, which feeds directly into
the functional-unit problem. The CO2 uptake potential of blended cements remains
underexplored, and estimations are still made based on experimental data collected
from mixes containing CEM I [11,127].

2. CO2 uptake allocation: Beyond quantification, where the CO2 uptake is capitalised
along the value chain is a distributional question for cement-based products. Although
EN 16757 [11] assigns carbonation uptake to in-use (B1) and end-of-life (C3/C4/D)
modules, no framework establishes which actor along the value chain capitalises
the credit, nor how it reconciles with carbon costs prices at gate under CBAM, ETS,
and Green Public Procurement/Buy Clean. This means that schemes are possible
under which the actor who is bearing the carbon cost and the actor capturing the
uptake credit do not coincide. Three allocation principles are available, and they
differ in their incentive properties rather than in their accounting validity. Under a
producer principle, the uptake credit is allocated to the actor that placed the binder
on the market. This aligns the credit with the actor that bears the gate-level carbon
cost under CBAM and the EU ETS, but it rewards an outcome that the producer no
longer controls after delivery. Under an asset-owner principle, the credit is allocated
to the owner of the structure while carbonation occurs. This matches the physical
location of the uptake and the assignment of carbonation in EN 16757 [11] to modules
B1 and C3/C4/D, but it links the reward to an actor without influence over the binder
chemistry. Under a shared principle, the credit is divided between the two according
to the proportions of uptake attributable to composition and to exposure conditions,
respectively. Further research is needed to establish which of these options best aligns
the allocation of credits with the distribution of burdens and incentives along the
value chain.

3. Empirical cost pass-through across typologies: Cost results for residential buildings [66]
have been cited extensively across various typologies. Commercial, industrial, in-
frastructure, and precast typologies have very different cement intensities and cost
elasticities. The ~1% finding cannot be assumed to transfer directly, and replication
and extension across typologies is still pending.

4. Stakeholder willingness-to-pay and behavioural economics: Willingness-to-pay is es-
sentially unstudied with rigorous methods. This entails research on the sociological
and economic factors underlying the issue. Interdisciplinary research on the topic
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is scarce. Conjoint and discrete-choice experiments with the actual decision-makers
(e.g., specifiers, contractors, owners) would replace the assumed engagement present
in policy literature and the assumed uptake present in engineering literature. Current
premium figures in circulation remain unsupported by factual evidence.

5. Institutional, contractual and insurance mechanisms: The allocation of carbon risk
in contracts and insurance is almost disregarded. A rare example is Assaad [128]
addressing the US legal context. The European and Global South cases are not yet
analysed. Liability for under-performance due to, e.g., a designer specifying a given
CO2 reduction is not differentiated from other causes. The effects of such context on
the adoption of decarbonisation pathways is a decisive determinant of real-world
outcomes. It seems easy to imagine that, from the perspective of specifiers, CO2

reduction may be perceived with effects similar to those of corner-cutting or negligent
practices in terms of risk, but quantitative data are needed to verify such assumptions.

6. Geographic gaps: Europe dominates the existing literature. Current predictions are
an overwhelming result of extrapolation of data to the Global South, precisely the
regions that are expected to have the larger share of emissions in the coming decades.
Latin America, Sub-Saharan Africa, and much of South and Southeast Asia are under-
represented relative to their share of future demand [48,91,117], even as projections
estimate the participation of developing countries excluding China with emissions of
1.4–3.8 Gt from cement by 2050 [129]. The introduction of CBAM opens new questions.
The response of Global-South cement-exporting economies to such measures is still to
be measured, as well as the willingness of Global-South end-users to pay a green pre-
mium if, e.g., producers adapt their production to European standards. The progress
towards decarbonisation in some respects is also more favourable in the opposite
direction. A good example of this is the much faster adoption of calcined clay and LC3
systems in developing countries in South America [118–120] and Africa [121–123],
and India [124,125] than in Europe (where ground granulated blast-furnace slag and
fly ash continue as main supplementary cementitious materials).

7. Lack of integration across the value chain: No integrated model exists of how carbon
cost is redistributed across the value chain under the simultaneous operation of CBAM,
Buy Clean, performance-based specifications, EPD thresholds, and ETS pricing. As
shown in Figure 6, these instruments span across the material-to-function targeting
spectrum, meaning different decision makers are involved for each instrument. The
various decision makers are not necessarily aligned, and the combinations are only
optimised by price mechanisms and competitiveness. Because the instruments are
being deployed together, their joint incidence and the actor who ultimately bears the
cost is not yet well understood. De-risking policies would be informed by a coupled
techno-economic and value-chain incidence model. Such knowledge gap is necessary
to unify two framings that have been kept separate so far: the supply-versus-demand
dichotomy [5] and the industry-versus-non-industry roadmap bias [4] describe the
same imbalance but from different angles. They could be connected within a model
of carbon-cost redistribution across the value chain.

Table 8 summarises these research gaps and indicates potential directions towards
completion, as well as the most natural actors to achieve such goals. Three criteria can be
used to establish a priority order in the short term (2026–2035): enabling dependency (gaps
for which their resolution is a precondition for resolving others), feasibility with existing
methods and industrial infrastructure, and relevance to already deployed instruments. On
these criteria, the first tier comprises the harmonised LCA convention, the willingness-to-
pay evidence, and the contractual and insurance mechanisms for carbon-risk allocation. The
second tier comprises the CO2-uptake allocation rule, the replication of cost pass-through
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across building typologies, and the geographic gaps, each of which requires primary data
collection but no methodological development. The third tier comprises the integrated
value-chain incidence model and the systematic analysis of roadmap authorship (both of
which depend on inputs produced by the first two tiers). This ranking must be interpreted
as an argument about sequencing rather than about importance.

Table 8. Research gaps, their significance, potential directions towards improvement, and the primary
stakeholders suited to address them.

Research Gap Significance Potential Direction Towards
Completion Primary Stakeholders

Priority 1

Methodological gaps:
Non-harmonised LCA

across strategies

Two rigorous studies can
rank the same pair

oppositely

Agree a functional unit and
allocation conventions for

stakeholder-burden comparison

LCA community;
standards bodies

Stakeholder
willingness-to-pay and
behavioural economics

Policy assumes
engagement; engineering

assumes uptake

Conjoint/discrete-choice
experiments with specifiers,

contractors, owners

Behavioural
economists; clients

Institutional, contractual
and insurance mechanisms
for carbon-risk allocation

Liability shapes which
pathway is adopted

Map and design contractual
mechanisms for

under-performance risk

Legal scholars;
insurers; clients

Priority 2

CO2 allocation

Implemented schemes may
conflict with the actor

bearing the carbon cost and
the actor capturing the

uptake credit coinciding

Model carbon-cost incidence
across instruments; extend

EPDs to carbonation credits;
define CO2 uptake

capitalisation aligning gate cost
with service-life credit

Standards bodies;
policymakers, LCA

methodologist;
producers; clients

Empirical cost
pass-through across

typologies

The ≈1% result is untested
for other typologies

different from residential

Replicate Rootzén and Johnsson
[66] across commercial,

industrial, infrastructure,
precast

Economists; QS;
developers

Geographic gaps:
under-representation &
CBAM–Global South

Future demand is
concentrated in

under-studied regions

Regional LCAs,
willingness-to-pay studies,

CBAM-exposure modelling for
Global South

Local researchers;
policymakers

Priority 3

Integrated carbon-cost
redistribution under policy

mixes

Joint effect of CBAM + Buy
Clean + EPDs + ETS is

unknown

Coupled techno-economic +
value-chain incidence modelling

Modellers;
policymakers

Evidential basis of the
roadmap-authorship bias

The supply-side bias of
industry-authored

roadmaps needs support
from the analysis of a
representative corpus

Systematic corpus-based text
mining of sectoral,

governmental and academic
roadmaps, with a pre-declared
document set, coding scheme

and statistical test of the
authorship effect

Science-and-
technology-studies

scholars; policy
analysts

Neither pathway is sufficient on its own. When assessed against a common baseline,
supply-side measures provide most of the mitigation potential, approximately 75–80%, but
this also represents their practical ceiling. Reaching net zero therefore depends on the re-
maining reductions being delivered through demand-side efficiency. The scientific analysis
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brings attention to three needs: an attribution rule based on the emissions identity that
avoids double counting; a normalisation procedure that distinguishes genuine differences
in mitigation potential from artefacts of system boundaries; and the reframing of pathway
risk as an institutional variable rather than an inherent material property. Economically,
abatement costs are highly diluted when reaching the completed asset value, so the main
constraint is not affordability but who ultimately bears the cost. Technologically, the asym-
metry is different. The supply side primarily requires investment, whereas the demand
side requires permission, verification, and industrialisation. Both pathways are therefore
necessary, but their barriers differ.

11. Conclusions
Low-carbon cement and low-cement concrete are best understood as complementary

interventions at different nodes of the same value chain. Both are necessary for net zero.
The evidence is consistent that supply-side reformulation can further deliver a significant
near-term reduction, but that demand-side efficiency is also indispensable for closing the
remaining gap. The pathways differ less in what they could achieve than in the facilitations
that the prevailing institutions open for them.

The state-of-the-art reveals that the cost and risk burdens of the two pathways are
structurally asymmetric. Supply-side costs concentrate at a few actors where costs can
be diluted and passed downstream, representing about one per cent of building cost for
the specific case of residential use. The demand-side responsibility is dispersed across
many designers, contractors, and owners who receive little incentive in spite of their large
aggregate potential. This adds up to the weakest contractual mechanisms and the sharpest
liability exposure of these actors. There is a widespread perception of low-carbon cement
being less risky than low-carbon concrete, which is a direct reflection of the institutional
landscape, but it might be misleading in guiding strategy. Such asymmetry is not intrinsic
but constructed, mainly based on practical reasons for implementation. An appropriate
response would be to de-risk the demand side rather than to continue overfocusing on
the supply side pathway. The evidence does not support achieving decarbonisation via a
single pathway. Instead, it supports building the institutions that let both pathways deliver.

In practice, the uptake of technologies for the demand-side levers (e.g., binder-efficient
mix design through particle packing, specification and acceptance at later ages, the tighter
quality control required by lower binder contents require) depends on what is permitted
and verified rather than on further materials development. For specifiers and clients, the
decisive instruments are contractual and insurance mechanisms that define, reward and
cover carbon performance, together with performance-based specifications, rather than
additional incentives at the material level.

The imbalance in the agenda is framed by a number of gaps:

• cross-strategy LCA comparisons are unreliable due to the lack of harmonised func-
tional units, boundaries, and allocation rules;

• protocols for CO2 uptake allocation establish which life-cycle module carbonation
credit sits in, but not which actor along the chain captures it, allowing inconsistencies
between the party bearing the carbon cost and the party claiming the uptake credit;

• empirical cost-pass-through evidence is almost absent beyond a single residential case;
• there is a lack of rigorous evidence on the willingness-to-pay among real decision-

makers concerning low-carbon cement and concrete;
• decarbonisation risks are reinforced by the lack of research on how carbon-reduction

risk and liability are allocated in contracts and insurance;
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• global estimations are based on data geographically biassed, with the added concern
that large contributors in the coming decades may not be properly represented in
the literature;

• the policy instruments now being deployed target carbon at the material level, rein-
forcing the supply-side bias;

• despite estimations, a convincing model is lacking for the redistribution of carbon
costs across misaligned decision-makers.
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