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A B S T R A C T

To meet net-zero CO2 targets by 2050, the United Kingdom (UK)’s cement and concrete sector must implement 
decarbonisation strategies of different readiness levels and effectiveness. These strategies have been presented 
thoroughly in UK and European Union decarbonisation roadmaps. However, it is challenging to predict, with 
confidence, whether the UK's 2050 net-zero targets are achievable. This study aims to balance the expectations 
placed on low-maturity (LM) and high-maturity (HM) strategies such as utilising a lower clinker factor and the 
use of carbon capture technologies respectively to determine a realistic route in which the UK can reach net-zero 
targets through a decomposition analysis of each strategy. The sector's carbon emissions were determined by 
performing a material flow analysis and life cycle assessment. The results showed that by 2050, 11 MtCO2eq/yr is 
expected to be emitted in 2050 under the business-as-usual scenario. HM strategies have an abatement potential 
of 4.2 MtCO2eq/yr, while LM strategies are expected to abate 3.4 MtCO2eq/yr. However, LM strategies are limited 
by industry's willingness to shift from current practices, while the implementation of HM strategies are impeded 
by financial and resource constraints. Accordingly, it is improbable for the sector to meet UK net-zero carbon 
targets with confidence unless the yearly concrete demand is reduced by 40 %. To enable the maximum potential 
of reusing the UK's building stock, direct public incentives, shifts in economic models and policy frameworks are 
needed.

1. Introduction

The concrete sector accounts for as much as 8 % of all global 
anthropogenic carbon dioxide (CO2) emissions, stemming mostly from 
the production of cement, one of the essential constituents in concrete 
(Lehne and Preston, 2018). In 2021, the United Kingdom's (UK) cement 
and concrete sector produced roughly 7 Mt of CO2 emissions, or 9 % of 
the country's manufacturing emissions (Drewniok et al., 2023). With the 
global threat of climate change constantly increasing due to rising 
greenhouse gas emissions, 196 countries under the Paris Agreement 
have pledged to achieve net-zero carbon emissions by 2050 (Busch et al., 
2022). In accordance with this agreement, the UK passed an amendment 
to the 2008 Climate Change Act in 2019 requiring the country to shift its 
target from an 80 % reduction in greenhouse gas emissions from 1990 

levels to net-zero emissions by 2050 (UK House of Parliament, 2019, 
Mcgarry et al., 2022). Accordingly, the UK government's independent 
statutory, the Climate Change Committee (CCC), unveiled its 6th carbon 
budget in 2020 which provides the cumulative reduction in GHG 
emissions over the period leading to 2050 (Emmerling et al., 2019). 
With current carbon emissions serving as a baseline value, the CCC 
outlined that a 40 % reduction is needed by 2030, a 20 % reduction is 
needed by 2040, and a 100 % reduction is needed by 2050.

Under these new guidelines, several decarbonisation roadmaps have 
been endorsed by the UK government aiming to achieve a net-zero 
cement and concrete sector by 2050 (WSP and DNV-G, 2015). In 
2015, the UK Department for Business, Energy, and Industrial Strategy 
issued roadmaps for six ‘foundation industries’, including the cement 
and concrete sector, to achieve net-zero by 2050 through several 
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MPA, Mineral Products Association; SCMs, Supplementary cementitious materials; TMRL, Technology and market readiness level; UK, United Kingdom.
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proposed pathways (WSP and DNV-G, 2015). One of the main objectives 
established in these roadmaps was a policy framework that would allow 
UK manufactures to achieve net-zero targets without offshoring pro-
duction (Hammond, 2022). To assess potential decarbonisation path-
ways to 2050, a simplified modelling framework using feasible 
strategies was developed by analysts; the results of which yielded a wide 
range of uncertainties (Griffin et al., 2014). For the cement and concrete 
sector, it was found that the ‘balanced net-zero’ pathway produced the 
highest degree of certainty, with a projected 70 % and 90 % reduction in 
emissions by 2030 and 2040 respectively compared to 2018 levels. In 
2020, this same pathway was also assessed by the CCC and was found to 
be “realistically achievable” (Hammond, 2022).

The route to 2050 is comprised of two main strategies: low-maturity 
and high-maturity; the definition of each being adopted from the In-
ternational Energy Agency (IEA)’s technology and market readiness 
level (TMRL) measurement system. While this system is similar to other 
technology readiness level scales (measuring one to nine), two addi-
tional levels were added (ten and eleven) to account for market readi-
ness (IEA, 2021a). Accordingly, strategies with a TMRL below ten are 
considered low-maturity (LM), while those with TMRL greater than nine 
are considered high-maturity (HM). There are 16 decarbonisation stra-
tegies commonly listed in UK and European Union (EU) cement and 
concrete decarbonisation roadmaps, but only 12 were seen as fit for the 
scope of this study. The rationale of exclusion for the remaining stra-
tegies are noted in Table 1.

The 12 remaining strategies are divided into LM (carbon capture, 
utilisation, and storage (CCUS), electrification of clinker production, the 
use of non-clinker binders, and the recycling of waste concrete into 
binders) and HM (using low-carbon electricity and low-carbon fuels, 
shifting to more energy-efficient clinker kilns, using less clinker in 
cement, optimising the structural design of concrete structures and the 
mix design of concrete products, and reducing the over-specification of 
concrete). Despite being classified as a HM decarbonisation strategy 
according to the TMRL scale, the ability to preserve existing buildings 
through reuse and refurbishment is defined separately in this study as a 
circularity solution. The reason for this classification is due to the 
strategy's unique role in achieving net-zero as the only strategy that is 
able to reduce the demand for new cement and concrete products. The 
definition and classification of all 12 strategies is illustrated in Fig. 1.

The IEA states that HM strategies will always exhibit market prece-
dence over LM strategies, regardless of their scale. The probability of 

achieving the aspired-for market penetration for HM strategies is high 
once a strategy has reached the “predictable growth” phase (IEA, 
2021a). In contrast, LM strategies are dictated by technological, eco-
nomic, and socio-political barriers that hinder a strategy's first year of 
introduction and its ability to achieve intended market penetration. 
Despite this uncertainty, the carbon abatement expected from LM stra-
tegies in the CCC 6th carbon budget is significantly larger than that 
expected from HM strategies (Hammond, 2022). The same dispropor-
tional contribution of LM strategies to the decarbonisation potential by 
2050 is also seen in most cement and concrete roadmaps issued to date. 
A comprehensive and detailed study by Pamenter and Myers (2021)
reviewed several UK and EU cement and concrete sector decarbon-
isation roadmaps and analysed the role of each stakeholder along the 
value chain in enabling the transition to net-zero. It was concluded that 
it is feasible for the UK cement and concrete sector to achieve net-zero by 
2050 by reducing 72 % of emissions via LM strategies (28 % from 
alternative binders, 23 % from kiln electrification, and 21 % from CCUS) 
and 28 % of emissions via HM strategies. In contrast, the Mineral 
Products Association (MPA) in the UK attributes a 60 % decarbonisation 
potential value to CCUS (MPA, 2020b). This variability between 
decarbonisation potential values attributed to each strategy was also 
reported in a meta-analysis of six cement and concrete decarbonisation 
roadmaps in the UK and EU by Marsh et al. (2023), where it was 
concluded that there is a 50–80 % variability in the decarbonisation 
potential associated with LM strategies.

The scope of this paper explores the different routes in which the UK 
cement and concrete sector may achieve net-zero emissions by 2050 
through the implementation of decarbonisation strategies and circular 
economy principles. The latter providing a solution that is able to reduce 
carbon emissions across the entire supply chain by reducing material 
demand and waste through the reuse of existing structures (Yang et al., 
2023). To achieve this, a first of its kind model for evaluating decar-
bonisation potential was created. The first objective is to assess the 
current business-as-usual (BAU) by benchmarking the sector’s annual 
consumption volumes and embodied carbon values. The literature 
established that there is an absence of clarity as to the realistic degree of 
decarbonisation potential projected in 2050. Therefore, the second 
objective is to calculate the decarbonisation potential from LM, HM, and 
circular strategy implementation by 2050. The third objective is to 
compare two decarbonisation potential pathways that are defined by the 
likelihood of strategy implementation to the net-zero pathway outlined 
by the UK CCC.

2. Methodology

The methodology followed for this study, along with the flow of the 
data, is best described in Fig. 2. All data utilised in this study comes from 
secondary, literary sources. In order to assess the decarbonisation po-
tential of any given strategy, the business-as-usual (BAU) scenario must 
first be determined. Therefore, stage 1 assesses the baseline 2025 supply 
volumes with a material flow analysis and the carbon intensity values 
with a life cycle assessment. Further information regarding both of these 
applied methods are detailed in Section 2.1.1 and Section 2.1.2, 
respectively. Using these values, the BAU emissions in 2050 were 
determined based on the predicted increase cement and concrete de-
mand. The second stage critically analyses the decarbonisation potential 
of both LM and HM strategies. Decarbonisation strategies that have 
existing market precedence are classified as HM, and those that do not as 
are classified as LM. In addition to these two strategy types, a circularity 
strategy was also evaluated which considers the reuse and refurbish-
ment of existing building stock. Since the scope of this study is limited to 
cement and concrete consumption only, reuse and refurbishment of 
other building materials was not considered. This study also assumes 
that the concrete does not require significant repair; therefore, the 
embodied carbon associated with any repairs to extend a building's 
service life is minimal compared to new construction. Lastly, using these 

Table 1 
Excluded roadmap cement and concrete sector decarbonisation strategies.

Decarbonisation 
strategy

Description of strategy Rationale for exclusion

Material 
substitution

Using alternative materials 
such as steel and timber

This strategy has not been 
proven to achieve 
environmental or economic 
savings when compared to 
concrete (D'amico et al., 
2021).

Decarbonisation of 
transportation

Reducing fossil fuel 
consumption by utilising 
more sustainable transport 
methods such as electric 
vehicles

The system boundary for this 
study excludes 
transportation. In addition, 
transportation emissions 
within the cement and 
concrete sector are generally 
insignificant compared to 
those associated with 
production (Mcgrath et al., 
2012).

Re‑carbonation Utilising use and end-of-life 
concrete as a form of carbon 
capture

These strategies fall outside 
the scope of the study given 
that they are a function of 
both exposure and 
operational conditions of 
concrete during its service 
life.

Leveraged thermal 
mass

Reduce operational carbon 
emissions generated from 
heating and cooling
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Fig. 1. Cement and concrete sector decarbonisation strategies found in UK and EU roadmaps (adapted from Marsh et al. (2023)).

Fig. 2. Methodology flowchart.
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values, two different pathways to net-zero with different probabilities 
were evaluated and compared to the CCC's net-zero pathway. While this 
study examines the UK as a case study, the methodology outlined can be 
applied to any geographical region given data availability.

2.1. Business-as-usual

The BAU carbon emissions for any product at its market level is 
defined by the volume of product that is produced and its carbon in-
tensity as expressed in Eq. 1.  

Within the cement and concrete sector, carbon emissions are usually 
assessed at three distinct market levels: clinker, cement, and concrete. 
Clinker is the primary constituent in ordinary portland cement (OPC). 
While not typically sold as a product, it is examined individually due to 
the high carbon emissions associated with its production. The cement 
market level is defined as all cementitious materials including OPC and 
supplementary cementitious materials (SCMs). While cement is most 
often produced for use in concrete products, it is also used in non- 
concrete applications such as mortars and soil stabilisers. The concrete 
market level encompasses a range of different concrete products 
including ready-mixed, precast, and blocks. Concrete used for infra-
structure, pavements, and roads are included in the market-level anal-
ysis of this study, but the reduction in concrete demand through reuse is 
limited to its application in buildings (e.g. residential, office, retail). As 
noted in Eq. 2, the BAU carbon emissions arising from the UK cement 
and concrete sector is a function of both concrete and cement for non- 
concrete applications. When evaluating the carbon emissions of large 
complex systems such as industrial sectors, a methodological approach 
that combines material flow analysis and life cycle assessment has been 
found to yield more robust and transparent results when compared to 
utilising these methods independently (Meglin et al., 2022). Therefore, 
at each market level in the cement and concrete sector, the consumption 
volumes and the carbon intensity values were benchmarked by con-
ducting a material flow analysis and life cycle assessment, respectively. 

Between 2025 and 2050, the demand for cement and concrete 
products is expected to increase as a rising global population leads to an 
increased demand for new buildings and infrastructure. Therefore, by 
multiplying the benchmarked 2025 cement and concrete sector carbon 
emissions by the expected increase in cement and concrete demand, the 

BAU carbon emissions in 2050 can be determined. This calculation is 
expressed in Eq. 3.  

2.1.1. Material flow analysis- 2025 cement and concrete market
To examine the physical flow of products within the UK cement and 

concrete sector, a material flow analysis (MFA) was conducted. This 
method utilises a mass balance approach to ensure that all input flows 
are equal to the output flows (Meglin et al., 2022). By quantifying these 
values, the annual consumption volumes can be benchmarked to 
determine the sector's carbon emissions as noted in Eq. 2. The system 
boundary for this MFA is defined as ‘cradle-to-gate’ and encompasses 
the consumption of raw materials for the production of clinker, cement, 
and concrete products (both produced and imported) in addition to flow 
of these finished products for building applications. All data was taken 
from publicly available UK industrial reports and secondary literature 
sources (MPA, 2023; UN Comtrade, 2023). Due to data availability, the 
year of analysis selected for this MFA was 2022 and it was assumed that 
this data closely reflects the cement and concrete sector's consumption 
values in 2025. All product flows are measured in megatons per year.

At the clinker market level, the clinker consumption value was taken 
as the sum of clinker produced and imported. Since the clinker amount 
in imported cement is not straightforwardly calculated nor reported, it 
was assumed to be equal to CEM I (OPC). The cement market level en-
compasses both cement (OPC) and supplementary cementitious mate-
rials (SCMs). The total cement consumption value (produced and 
imported) was taken as the total clinker and additions (e.g. gypsum) 

BAU carbon emissions (MtCO2eq
/yr) = Product annual consumption (Mt/yr)* Product carbon intensity

(

kgCO2eq
/

kg
)

(1) 

BAU cement and concrete sector carbon emissions in 2025 (MtCO2eq
/yr)

=
(

Average concrete carbon intensity
(

kgCO2eq
/

kg
)* Annual concrete consumption (Mt/yr)

)

+
(

Average cement carbon intensity
(

kgCO2eq
/

kg
)* Annual cement consumption (Mt/yr)* Cement consumption for other uses (%)

)

(2) 

BAU cement and concrete sector carbon emissions in 2050 (MtCO2eq
/yr)

= BAU cement and concrete sector carbon emissions in 2025 (MtCO2eq
/yr)* Demand for cement and concrete (%)

(3) 
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consumed. SCMs are materials that exhibit cementitious properties that 
are used to create lower carbon blended cements. These materials 
include, but are not limited to, ground granulated blast furnace slag 
(GGBS), fly ash, and limestone fines. As previously mentioned, cement is 
used in both concrete and non-concrete applications; therefore, the 
percentage of cement used for each application type was also deter-
mined. The concrete market level encompasses cement market level 
products and all remaining concrete constituents (e.g. water, aggregates, 
and chemical admixtures). To determine this, an average concrete mix 
design was assumed. A water to cement ratio of 0.50 was taken to es-
timate the total water consumed for concrete production, and the total 
chemical admixtures consumed was assumed to be 1 % of the total 
cement content. The total amount of aggregates consumed was calcu-
lated by subtracting the concrete consumption volume by the volume of 
all other concrete constituents consumed.

In addition to determining the total concrete consumption value, the 
percentage of concrete used for building applications was also deter-
mined. Concrete consumption for building applications is defined by 
material intensity and demand. Therefore, the percentage of concrete 
used for building applications can be calculated using Eq. 4.  

Material intensity of concrete use in buildings represents the amount 
of concrete specified per unit of building floor area to fulfil structural 
and non-structural requirements. While the material intensity for 
infrastructure and other projects is often regarded as a constant due to its 
durability-bound strategic nature, the material intensity of concrete in 
buildings is often subject to potential reductions within decarbonisation 
strategies (Marsh et al., 2023). The minimum material intensity for each 
typology of concrete units (e.g. a low-rise building) could be calculated 
based on the code requirements depending on the project specifications 
(e.g. exposure conditions and serviceability requirements) (Cabeza 
et al., 2021). However, values vary widely on a case-by-case basis. A 
recent industry accepted model created by Drewniok et al. (2023) shows 
that, for the same building typology, the specified material intensity 
varies between 700 and 1400 kg per gross floor area of a building. 
Therefore using the values from Drewniok et al. (2023), the market 
average material intensity of new construction was determined (SI, 
Table 2). The values utilised for the MFA are summarised in Table 1 of 
the SI.

2.1.2. Life cycle assessment -2025 cement and concrete market
To benchmark the carbon intensity values at all three market prod-

ucts in the UK cement and concrete sector, life cycle assessment (LCA) 

methodology was utilised. The ISO14040 and ISO14044 specifies the 
four main stages of an LCA: goal and scope definition, inventory data 
collection, impact assessment, and interpretation (ISO, 2006a; ISO, 
2006b). The goal of this LCA is to assess the carbon intensity associated 
with the production of three products: clinker, cement, and concrete. For 
this study, two market scenarios (UK and global) and one best practice 
scenario was assessed. An LCA scope is mainly defined by three pa-
rameters: system boundary, functional (or declared) unit, and allocation 
procedure. The three most common system boundary types for an LCA 
are ‘cradle-to-gate’, ‘cradle-to-grave’, and ‘cradle-to-cradle’. Due to the 
uncertainty regarding each product's upstream process, a ‘cradle-to- 
gate’ system boundary was selected, which typically includes raw ma-
terial extraction (stage A1), the transportation of those raw materials to 
the factory (stage A2), and the manufacturing of the product itself (stage 
A3) (Hafez et al., 2019). While cement and concrete sector LCA studies 
most often select this boundary type due to the manufacturing stage 
resulting in the highest environmental impact, the boundary for this 
study is limited to processing and production (stage A3) due to the un-
certainty regarding the locations of production (Rihner et al., 2025). A 
detailed illustration of this system boundary can be found in supple-
mentary information (SI, Fig. 1). In line with other market decomposi-
tion analyses that examine multiple products, a mass declared unit (e.g. 

one kilogram) was selected for each product assessed (e.g. clinker, 
cement, concrete). A declared unit was selected over a functional unit as 
functional units are used only when comparing specific products that 
serve the same purpose. To accurately account for the environmental 
impact of material by-products such as GGBS, data was selected which 
utilised the economic allocation method (MPA, 2025).

The second stage of an LCA is inventory data collection, for which 
this model presents a top-down approach using reports (ERMCO, 2020; 
MPA, 2020a; IEA, 2022), databases (Wernet et al., 2016), secondary 
literature sources. This approach was selected given that each market 
product is a key constituent within another market product (e.g., clinker 
is used to produce cement, cement is used to produce concrete). As a 
result, the carbon intensity of one market product is dependent on the 
carbon intensity of another. Calculations were performed in Excel using 
Eqs. 5–7. For the impact assessment stage, embodied carbon (kgCO2eq/ 
kg) was the only environmental impact indicator analysed in line with 
the study's goal. As expressed in Eq. 5, the average carbon intensity of 
concrete is defined by its binder and non-binder components.  

Binder content is a function of the total volume of paste required to 
bind the non-cementitious components of the mix. It is a property of a 

Concrete consumption used for buildings per year (%)

=
(Concrete material intensity in buildings (kg/m2)* Demand for concrete buildings (km2) )/Annual concrete consumption (Mt/yr) (4) 

Average concrete carbon intensity
(

kgCO2eq
/

kg
)

= Average cement carbon intensity
(

kgCO2eq
/

kg
)* Binder content (kg/kg)

+
∑

Carbon intensity of the non− binder components
(

kgCO2eq
/

kg
)* Non−binder content (kg/kg)

(5) 
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concrete's mix design and therefore dependent on the gradation of the 
dry components, the water: binder ratio, and the required concrete 
properties such as slump and strength (Damineli et al., 2010). Funda-
mentally, it is the mass ratio of cementitious materials compared to the 
total concrete. The average binder content ratio is calculated by dividing 
the total volume of cement used in concrete by the volume of concrete 

produced (SI, Table 3). The mass ratio values for the remaining non- 
cementitious components of a concrete mix (water, coarse aggregates, 
fine aggregates, and water-reducing admixtures) were calculated and 
multiplied by each component's respective carbon intensity value (SI, 
Table 5). Since cement is also utilised in non-concrete applications, its 
average carbon intensity was calculated separately using Eq. 6. 

Clinker factor represents the mass ratio of the amount of clinker in 
cement. While this value is often reported (IEA, 2022), sometimes it is 
not. In the case of the UK cement and concrete sector, SCMs are typically 
mixed alongside other constituents at ready-mix concrete plants and 
precast factories (Mcgrath et al., 2012). As a result, the clinker factor 
was calculated for this study by dividing the total amount of SCMs and 
clinker consumed (produced and imported) by the total cementitious 
material consumed. The average SCMs carbon intensity was determined 
taking the sum of the product market share for each SCM determined 
from the MFA and multiplying it by its respective carbon intensity value 
(SI, Table 6). The third and fourth parameters, electric energy required 
for indirect processes and carbon intensity of the national electricity 
grid, accounts for the embodied carbon created due to the indirect 
electric energy needed for grinding and mixing at various stages of 
cement manufacturing. The final variable, average carbon intensity of 
clinker, was calculated using Eq. 7. 

Table 2 
Summary of the inventory data used to determine cement and concrete sector carbon intensity values (References: Shen et al., 2015; IEA, 
2021b; IEA, 2023; Summerbell, 2018; MPA, 2020a; IEA, 2022; ESO, 2023; Ember, 2024; Drewniok et al., 2023; Wernet et al., 2016; 
ERMCO, 2020; Monteiro et al., 2017).

Table 3 
Values for current global best practice of HM strategies (References: IEA, 2018; 
Summerbell, 2018; Ember, 2024; MPA, 2025; Scrivener et al., 2018; BSI, 2023).

Average cement carbon intensity
(

kgCO2eq
/

kg
)

= Average clinker carbon intensity
(

kgCO2eq
/

kg
)* Clinker factor

+Average SCMs carbon intensity
(

kgCO2eq
/

kg
)*

(1−Clinker factor)
+Electric energy required for indirect processes (MJ/kg)* Carbon intensity of national electricity grid

(

kgCO2eq
/

MJ
)

(6) 
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The process emissions for clinker production represent the chemi-
cally bound CO2 released during the calcination of calcium carbonate 
(CaCO3) and magnesium carbonate (MgCO3) in the feed meal (Shen 
et al., 2014). These values are subject to the chemical composition of the 
raw materials, but an average value was taken for both the UK and 
global market (Shen et al., 2015). For the same raw meal, the energy 
intensity values for clinker production primarily depends on the type of 
kiln used (John, 2020). Modern kilns are classified as wet, semi-dry, and 
dry. Dry kilns are the most energy efficient option at 3.40GJ/t and wet 
kilns are the least at 5.29GJ/t (Sahoo et al., 2022). Globally, 80 % of all 
cement kilns are dry (Tkachenko et al., 2023), however in the UK, the 
share of kiln types used in production is reported as 27 % semi-dry and 
73 % dry (MPA, 2019). The carbon intensity of the fuel mix is dependent 
on the fuel type and amount used within a given fuel mix. This value was 
calculated by multiplying the percentage of each fuel used in a mix by its 
respective carbon intensity (Summerbell, 2018). A summary of the key 
parameters and the inventory data used for the developed method is 
shown in Table 2.

While the input parameters noted in Table 2 present values that 
accurately represent each geographical market assessed, these values 
are impacted by economic and regulatory factors. When best available 
technologies and techniques are implemented for a production process, 
optimised values are achieved. These ‘best practice’ values act as theo-
retical minimum targets that have been proven to be attainable for a 
given process (Schorcht et al., 2013). Therefore, the final scenario 
considers the currently available best practice to analyse the variability 
present between the current norm in a given market and what is 

realistically achievable in any geographical region. Given that there is 
no variance in carbon intensity for the UK and global markets, this 
scenario analysis also acts as an uncertainty analysis as part of the 
interpretation step of the LCA.

Table 3 summarises the best practice values considered. According to 
IEA (2009), the best thermal efficiency practice, and hence the energy 
intensity, can be achieved by implementing a dry manufacturing process 
with a preheater and pre-calciner alongside using raw materials with 
high burn ability. An optimum and realistic fuel mix design for clinker 
production is comprised of 60 % alternative fuels and biomass. The 
increased usage of both of these materials in a mix design decreases 
fossil fuel consumption and therefore lowers the carbon intensity value 
for the fuel mix (IEA, 2018). For the clinker replacement strategy, a 
market-average clinker factor of 0.50 was selected as the best practice 
(Scrivener et al., 2018). Given current material availability, the opti-
mised mix design assumes that the non-clinker components in the mix 
would be comprised of gypsum (5 %), limestone filler (15 %), GGBS (15 
%), and calcined clays (15 %) (SI, Table 7). As a result of the country's 
reliance on zero-carbon sources such as nuclear and hydropower, 
Switzerland was found to have the lowest national grid carbon intensity 
(IEA, 2024). Reducing the binder content is feasible through concrete 
mix design optimisation by using inert fillers, chemical admixtures, and 
improving dry mix particle packing (Zunino, 2023). For this study, the 
best practice binder content was determined by multiplying the 
maximum minimum binder content in each strength class currently 
specified in UK concrete standards (BSI, 2023) by the respective market 
share for each strength class (ERMCO, 2020) (SI, Table 4).

Table 4 
Summary of the decarbonisation strategies, interventions, and the impacted variables.

Average clinker carbon intensity
(

kgCO2eq
/

kg
)

= Clinker process emissions
(

kgCO2eq
/

kg
)

+Energy intensity in clinker production (MJ/kg)* Carbon intensity of fuel mix
(

kgCO2eq
/

MJ
) (7) 
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2.2. Decarbonisation scenarios by 2050

The second stage of the methodology critically analyses the decar-
bonisation potential of twelve decarbonisation strategies outlined in 
various UK and EU cement and concrete sector decarbonisation road-
maps. As previously mentioned, decarbonisation strategies can be clas-
sified into two main categories: LM and HM. In this study, four LM and 
seven HM strategies were analysed. For each decarbonisation strategy, 

there is a corresponding intervention defined as an innovation or 
adaptation that aims to reduce the carbon footprint of a given product 
(Bernstein and Hoffmann, 2015). As noted in Table 4, each intervention 
effects a parameter used to calculate the carbon intensity value at each 
market level (Eqs. 5–7).

To determine the decarbonisation potential in 2050 for any LM or 
HM intervention, Eq. 8 is proposed where the benchmarked carbon in-
tensity and annual consumption values for a specific product (e.g. 

Fig. 3. Material flow diagram of UK cement and concrete consumption (Mt/yr), 2022.

Fig. 4. Carbon Intensity at each market level (UK, global, best practice).
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clinker, cement, concrete) is multiplied by the strategy's decarbonisation 
reduction potential.  

The reduction potential beyond the current average values were 
taken from five cement and concrete decarbonisation roadmaps 
reviewed by Marsh et al. (2023). When examining the reduction po-
tential for a given decarbonisation strategy across all roadmaps, a high 
level of discrepancy (>50 %) is evident, particularly with LM strategies. 
The high uncertainty level associated with these strategies is due to the 
immaturity of the current market and significant upfront costs associ-
ated with their implementation (Johnson et al., 2021). Conversely, the 
decarbonisation potential of HM strategies can be calculated with cer-
tainty due to their existing market precedence. This greater certainty 
however does not result in lower variability; often technological, 
economical, and current standardised practices effect the decarbon-
isation potential of these implemented strategies globally. For example, 
in the case of energy consumption, material inputs and machinery 
currently implemented can impact the ability to achieve low energy 
intensity values (Worrell et al., 2007). Given the variability and uncer-
tainty of different strategy types, this study assumes two scenarios, each 
corresponding to a likelihood of LM and HM strategy implementation 
and the corresponding decarbonisation potential of each, namely: high 
and low.

2.2.1. High-probability decarbonisation scenario
Under the high probability scenario, it is assumed that the minimum 

reduction potential percentage reported for LM and HM decarbonisation 

strategies in the outlined UK and EU roadmaps will be achieved. The 
probability of this occurring for HM strategies is particularly high as the 
reduction potential predicted in the roadmaps is built upon pre-existing 
values from current strategy implementation. While LM strategies do not 

have existing market precedence, it is heavily emphasised across the 
roadmaps that market intervention is certain within the coming years. 
Significant financial and capital investment from government organi-
sations (Department for Energy Security and Net Zero, 2024) and in-
dustrial stakeholders (Heidelberg Materials, 2024) particularly for CCUS 
illustrate the growing interest in the quick implementation of these 
strategies. For these reasons, the probability of achieving the minimum 
reduction potential for LM strategies is likely.

However, an emissions gap between the baseline BAU in 2050 and 
the applied minimum reduction potential from all LM and HM decar-
bonisation strategies may be present, especially as the demand for new 
buildings and infrastructure increases. Thus, to hit 2050 targets, some 
reduction in demand for new construction will likely be required 
through the implementation of circularity strategies that consider the 
reduction of material demand through the preservation (refurbishment 
and reuse) of existing building stock. Therefore, the reduction in con-
crete demand required is defined as the remaining carbon savings 
needed to achieve net-zero after all other decarbonisation strategies 
have been implemented. Under this scenario, it was assumed that con-
crete could not be substituted by any other building material. Eq. 9
expresses this reduction in demand required as a percentage. The total 
decarbonisation potential carbon savings in 2050 is equal to the carbon 
savings from all applied LM and HM decarbonisation strategies when the 
minimum reduction potential is considered and the BAU cement and 

Fig. 5. Decarbonisation potential in 2050 by strategy utilising values reported in five UK and EU roadmaps

Strategy decarbonisation potential in 2050 (MtCO2eq
/yr)

= Product carbon intensity
(

kgCO2eq
/

kg
)* Strategy reduction potential beyond the current average (%)* Product annual consumption (Mt/yr)

(8) 
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Fig. 6. Decarbonisation potential in 2050 of HM strategies (roadmap values vs. best practice values).

Fig. 7. The business-as-usual emissions from cement and concrete consumption in the UK by 2050 and the combined decarbonisation potential values from this 
study's analysis of low and high probability of strategy implementation.
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concrete sector carbon emissions in 2050 was calculated using Eq. 3.  

2.2.2. Low-probability decarbonisation scenario
Under the low probability scenario, it is assumed that the currently 

available global best practice for each HM decarbonisation strategy is 
fully implemented; therefore, the highest rate of decarbonisation from 
these strategies is achieved. The best-practice carbon intensity values 
noted in Table 3 are applicable to HM strategies where their intervention 
occurs at either the clinker, cement, or concrete market level. However, 
one strategy, improved design of structural elements, exists at the 
building application level and does not have a corresponding carbon 
intensity value. This decarbonisation strategy impacts the concrete 
material intensity in buildings, which is a parameter used to determine 
the percentage of concrete consumed in buildings per year as noted in 
Eq. 3. For this study, the best practice concrete material intensity in 
buildings is conservatively projected to equal to 843 kg/m2 (Hafez et al., 
2024a; Drewniok et al., 2023) (SI, Table 2).

Given the financial and regulatory limitations of fully implementing 
state-of-the-art optimised technologies, the likelihood of the complete 
implementation of HM best-practices are low. One example of this is in 
regards to the current carbon intensity of the national electric grid. A 
widespread, rapid transition to an energy mix that provides the same 
low-carbon energy as the best practice case in Switzerland would be 
challenging in most countries given the high costs to implement these 
technologies fully. Another example is in regards to a kiln's thermal 
efficiency. While the best-practice value and therefore lowest energy 
consumption reaches 3 GJ/t clinker, this value was only achieved by 10 
% of all operating kilns evaluated (IEA, 2009). While all optimal, best- 
practice values are achievable, significant investments must be made 
enable implementation. Since the carbon intensity of one market prod-
uct will effect another, the change in carbon intensity caused by the 
implementation of each decarbonisation strategy was compounded to 
create an optimised best practice across all sector market levels. Much 
like the high-probability scenario, an emissions gap between the base-
line BAU in 2050 and the applied best practice cases for all HM decar-
bonisation strategies may be present. Assuming no demand reduction is 
required, Eq. 10 was used to determine reduction potential required by 
LM strategies under the low probability scenario to reach net-zero.  

3. Results and discussions

3.1. Market-level benchmarking: material flow analysis results

Using the data gathered for the MFA, a material flow diagram was 
created to benchmark current cement and concrete consumption vol-
umes as seen in Fig. 3. At the clinker market level, it was found that 10.7 

Mt/yr was consumed for cement production. At the cement market level, 
15.3 Mt of cementitious materials are consumed annually with cement 
accounting for 78 % of all cementitious materials. While the UK 

currently has a sufficient supply of FA and limestone fines, the country 
relies on GGBS imports to meet current demand (UN Comtrade, 2023). 
Therefore, to determine the amount of GGBS consumed, it was assumed 
that since most, if not all, GGBS produced in the UK goes towards the 
cement sector (Alberici et al., 2017), its consumption value was esti-
mated as the sum of GGBS produced in the UK and the total amount of 
GGBS imported into the UK. The amount of GGBS produced annually 
was calculated utilising a blast furnace slag to pig iron tonne ratio of 
0.28:1.0 (Curry, 2018). As reported by Drewniok et al. (2023), 
approximately 20 % of all cementitious materials is used for other uses 
which includes mortars and soil stabilisers. The majority of cementitious 
materials produced were used in concrete products including ready- 
mixed, precast, and blocks. The total amount of concrete consumed in 
the UK for both building and other applications was taken as the sum of 
precast and ready-mixed concrete consumed as reported by Drewniok 
et al. (2023). Utilising Eq. 4, it was determined that 58 % of all ready- 
mix concrete consumed was for use in building applications. From 
this, the annual consumption of concrete for use in buildings was found 
to be 50.7 Mt, with the remaining concrete going towards other appli-
cations such as infrastructure, pavements, and roads.

3.2. Market-level benchmarking: life cycle assessment results

Using LCA methodology, the embodied carbon of each product in the 
cement and concrete sector was calculated for the UK and global mar-
kets, in addition to the current global best practice. As shown in Fig. 4, 
the general trend found that for all UK market levels, the carbon in-
tensity values are slightly lower compared to the global averages. The 
global average clinker carbon intensity value is roughly 6.5 % higher 
compared to the UK value, and the global cement and concrete carbon 
intensity values were both found to be 10 % and 13 % higher compared 
to the UK values, respectively. These differences are attributed to the 
global carbon intensity of the fuel mix being 29 % higher compared to 
UK value at the clinker market level and the global electrical grid carbon 
intensity at the cement market level value being 120 % higher compared 
to the UK value. As expected, the best practice scenario provided the 
lowest carbon intensity values across all market levels. The carbon in-
tensity of a best practice concrete mix is 42 % less than that of the 

average concrete mix consumed in the UK. This signifies the importance 
of HM decarbonisation strategy implementation, such as the higher use 
of SCMs to replace clinker, further optimisation of binder content, and 
switching to a decarbonised electricity grid. Table 8 in the SI summarises 
the UK cement and concrete sector's BAU embodied carbon, annual 
consumption, and carbon emission values.

Reduction in concrete demand (%) in 2050=
(BAU cement and concrete sector carbon emissions in 2050 (MtCO2eq

/yr)
–total decarbonisation potential carbon savings in 2050 (MtCO2eq

/yr))/BAU cement and concrete sector carbon emissions in 2050 (MtCO2eq
/yr)

(9) 

Reduction required by LM strategies (MtCO2eq
/yr) = BAU cement and concrete sector carbon emissions in 2050 (MtCO2eq

/yr)
–Total HM decarbonisation potential (MtCO2eq

/yr) (10) 
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3.3. Decarbonisation potential in 2050

The minimum, maximum, and average reduction potential values for 
each decarbonisation strategy were selected from the UK and EU road-
maps reported by Marsh et al. (2023). Using these values, the decar-
bonisation potential for each strategy was calculated using Eq. 8. While 
Marsh et al. (2023) reported all reduction values on a concrete market 
level, this study has opted to report the estimated reductions for each 
strategy on their corresponding market level. As seen in Fig. 5, CCUS 
provides the greatest decarbonisation potential followed by electrifica-
tion, with a maximum 62 % and 25 % reduction in BAU clinker market 
level carbon emissions, respectively. Both of these LM strategies have a 
much higher variance however compared to other HM and even other 
LM strategies.

While the probability of achieving the minimum decarbonisation 
potential of HM strategies values shown in Fig. 5 is high, the lower 
probability implementation of the best practice for each HM strategy 
was also investigated. As shown in Fig. 6, the decarbonisation potential 
values based on best practices exceeds the average from roadmaps 
significantly. The only three exceptions are the decarbonisation of 
electricity, use of alternative fuels, and concrete mix design optimisa-
tion. This discrepancy is likely due to EU roadmaps, and therefore EU 

countries, exhibiting higher biomass capabilities than what is currently 
achievable in the UK. For example, the EU roadmap projects a shift to 80 
% biofuel use in clinker production (Favier et al., 2018), while a study by 
Stamford and Azapagic (2014) notes that the optimal consumption of 
biomass without CCUS in the electric grid is 25 % due to the risk asso-
ciated with the wider implementation of biomass use in energy pro-
duction in terms of abundance and carbon intensity compared to natural 
gas. Similarly, a recent study concluded that the UK shift to zero-carbon 
electricity grids would also imply an unrealistic level of use of biomass 
(Hafez et al., 2024b). For concrete mix design optimisation, the 
discrepancy is likely due to decarbonisation roadmaps using a higher 
binder content that exceeds current code limitations in addition to not 
accounting for differences in concrete strength classes.

To assess the total decarbonisation potential of all strategies, the BAU 
carbon emissions in 2050 was calculated by multiplying the bench-
marked 2025 BAU cement and concrete sector carbon emissions (Eq. 2) 
by the expected demand in 2050. According to the Global Cement and 
Concrete Association, the global demand for cement and concrete is 
expected to increase by roughly 43 % from 2025 to 2050 (GCCA, 2025). 
Examining the UK market however suggests a lower demand compared 
to global value. Mcgarry et al. (2022), notes that the demand for con-
crete for construction of new infrastructure in the UK between now and 
2050 will increase by 10 % compared to 2023 values. Another 10 % total 
increase (0.5 % per year) was also forecasted to account for the need for 
social housing (Drewniok et al., 2023). Accordingly, the demand for 
concrete is assumed to increase linearly by 20 % from 2025 to 2050. This 
assumption is in line with a market analysis report published by Climate 
Group ConcreteZero (2024) which assumed that the UK demand for 
concrete is expected to increase at half the rate of GDP growth (1.2 % per 
year). Fig. 7 illustrates the reduction in 2050 BAU emissions though the 
implementation of all decarbonisation strategies under both the high 
and low probability scenarios.

3.3.1. High probability scenario
For the high probability scenario, it is apparent that the 3.07 

MtCO2eq and 3.43 MtCO2eq expected to be abated through the imple-
mentation of HM and LM strategies respectively does not allow the UK 
cement and concrete sector to achieve net-zero by 2050. A gap of at least 
4.88 MtCO2eq is expected to remain unabated, which accounts for 

Fig. 8. Cumulative carbon budget to 2050 implementing combined HM and LM strategies.

Table 5 
Concrete volumes required to be produced in 2050 to achieve the decarbon-
isation potential.

Strategy Decarbonisation 
potential 
(MtCO2eq/yr)

Carbon 
intensity of LM 
intervention 
(kgCO2eq/kg)

Reference Concrete 
volumes 
(Mt/yr)

Recycling of 
concrete 
fines

0.82 0.0593 Dunant 
and 
Allwood 
(2024)

28.40

Electrification 1.44 0.0597 Marsh 
et al. 
(2023)

50.98

Alternative 
binders

0.34 0.0447 Nikravan 
et al. 
(2023)

7.78
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roughly half of the sector's 2025 emissions. Since the underlying 
assumption of the high probability scenario is that concrete could not be 
substituted by timber or steel, the only abatement solution left is to 
reduce the demand of concrete through the implementation of circu-
larity solutions for buildings. As per the method shown in Eq. 9, to 
achieve net-zero the building demand in 2050 must be reduced by 43 %. 
A study by Wu et al. (2023) highlighted that the Chinese cement and 
concrete sector must also extend the service life of current buildings to 
achieve net-zero by 2050. Despite it not necessarily falling in the scope 
of this study, there are several enablers to the success of reusing build-
ings in the UK. An exemplary case study is the refurbishment of the 
Triton Square London office building, which was originally constructed 
in 1998, but underwent a deep retrofit that was completed in 2021 
(Robertson and Sturel, 2021). In addition to the established environ-
mental impact savings of reusing buildings, there is evidence on the 
significant potential cost savings as well (Eberhardt et al., 2019). A 
recent framework was developed in the UK (BS 8001:2017) that advo-
cates for a system-level approach to exploring circularity throughout the 
whole value chain of building construction (Pacheco et al., 2024).

3.3.2. Low probability scenario
Under the low probability scenario, the HM best practice strategies 

are expected to reduce the 2050 BAU carbon emissions by 41 %. 
Therefore, to achieve net-zero emissions by 2050, the remaining 59 % 
must be abated through the implementation of LM strategies. Using the 
average reduction potential reported across the collected UK and EU 
roadmaps, a ratio was taken to determine the decarbonisation potential 
of each strategy respective to the total amount of carbon emissions that 
must be abated through LM strategy implementation. From this, it was 
determined that CCUS has the highest reduction potential followed by 
electrification. Although there are enabling factors present that could 
aid in the full implementation of LM strategies (e.g. optimising opera-
tions, financial, and policy incentives), there is a risk that they would not 
be fully implemented sector wide in time for the 2050 carbon reduction 
targets due to technological, social, and economic barriers. This tech-
nical limitation is described as the differential performance of decar-
bonisation strategies at each market level or application compared to the 
benchmark. An example of this is the use of belite-based cements, for 
which the carbon footprint is lower compared to OPC but would cause a 
similar reduction in the 28-day compressive strength (Naqi and Jang, 
2019). In this study, this performance-based limitation is ignored since 
all low-carbon solutions are assumed to have a comparable technical 
performance to the benchmark. LM strategies are more likely to face 
social barriers to market penetration such as resistance to major changes 
(e.g. updating standards) due to their disruptive nature to the market 
norm. For example, the current Eurocode for structural concrete design 
does not yet accommodate the use of alternative binders (only considers 
clinker-based cements) (Qian et al., 2022). Economic barriers also 
inhibit the market penetration potential of a decarbonisation innova-
tion. An increase in the selling price of lower-carbon cement products 
may occur as a result of costly technology in the case of CCUS or due to 
the scarcity of resources such as the industrial waste availability for use 
in alkali activated cements. For example, the current estimated cost for 
carbon abatement using CCUS technologies ranges between $50–100/ 
kgCO2eq (Kearns et al., 2021). A recent study predicted the imple-
mentation of CCUS for clinker production would cause cement prices to 
reach £150/t in the UK; a 15 % increase compared to the current market 
price (Dunant and Allwood, 2024; ONS, 2021). Ideally, the gap in price 
would be organically narrowed through the implementation of carbon 
taxes. However, the current £10/t of cement UK carbon tax levy is only 
limited to fossil fuel use and does not extend to include process emis-
sions from clinker production (Grover et al., 2016). In addition, there is 
emerging evidence supporting that increasing carbon taxes might not 
necessarily result in higher carbon abatement on a sector level (Abrell 
et al., 2019; Gugler et al., 2023).

Even under a scenario where full implementation of LM strategies is 

achieved, the probability of achieving the production capacity to reach 
the required carbon abatement for each strategy is low. In the case of 
CCUS, the maximum expected capacity for cement production by 2050 
is 1.9 MtCO2eq./yr; 54 % less than the capacity required under the low 
probability scenario (Hafez et al., 2024b). For each of the remaining LM 
strategies, specific concrete production volumes must be met in 2050 to 
achieve their required decarbonisation potential values under the low 
probability scenario. To determine each strategy’s required production 
volume, the strategy's decarbonisation potential was divided by the 
difference between the previously calculated UK concrete intensity 
value and the carbon intensity of the new technology. Table 5 highlights 
these input values and the calculation results for each LM strategy. From 
this, it can be concluded that between the three LM strategies, 87.2 Mt of 
concrete must be produced in 2050 to achieve the required decarbon-
isation potential; 0.2 % less than the 2025 consumption volume. To meet 
this required production volume under this unrealistic scenario, tradi-
tional concrete manufacturing processes must be fully replaced by the 
four outlined LM strategies. The result of this transition would render 
HM strategies obsolete, negating 4.7 MtCO2eq of achievable decarbon-
isation potential.

3.4. Cumulative decarbonisation potential by 2050

As explained in Deutch (2020), the reduction in global temperature 
to mitigate global warming is proportional to the logarithmic change in 
atmospheric CO2 concentration. Given that cumulative reductions of the 
net-zero pathway were based on a 2020 baseline that is assumed in this 
study to subsist till 2025, a logarithmic decay pathway is required to 
meet the net-zero targets by 2050. Fig. 8 presents the cumulative 
decarbonisation potential by 2050 for the low probability pathway, the 
high probability pathway, and the UK's net-zero pathway outlined by the 
CCC. Table 9 in the SI further details the calculated carbon savings and 
emissions for all scenarios considered. Between both the high and low 
probability scenarios and the net-zero pathway, there is a cumulative 
gap that grows from 2025 to 2050. This gap results in both probability 
scenarios creating cumulative carbon emissions that will result in a 
higher atmospheric increase of carbon, further reducing the effective-
ness of mitigation scenarios. Under the high probability scenario spe-
cifically, the incremental increase in carbon emissions present between 
this pathway and the net-zero pathway highlights the need for the im-
mediate implementation of LM strategies, optimised HM strategies, and 
an overall reduction in concrete demand through the reuse of existing 
building stock. The rate at which each decarbonisation strategy can be 
implemented however is dependent on the strategy type considered. 
Even though HM strategies have existing market precedence and 
therefore lower initial capital investment, the transition to the best 
practice case is limited by the willingness to shift from current practices. 
Alternatively, LM strategies require much higher capital investment 
which may result in a slower uptake in industry. The implementation of 
circularity strategies is also subject to several barriers including social, 
economic, and legislative. In the UK specifically, barriers to material 
reuse that were identified include cost, availability/storage, a lack of 
client demand, and poor integration (Densley Tingley et al., 2017). To 
overcome these barriers, study by Giorgi et al. (2022) highlighted the 
need for direct public incentives and policy frameworks that focus on 
breaking down these barriers and to promote circular economy thinking.

4. Conclusions

This study critically analysed the potential of the UK cement and 
concrete sector to achieve net-zero carbon targets in 2050. Decarbon-
isation strategies laid out in several UK and EU roadmaps were then 
examined with the objective to model their combined decarbonisation 
potential under two probability scenarios. These scenarios were then 
compared to the UK CCC's 6th carbon budget net zero pathway. The 
conclusions of the study are as follows: 
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1. The average decarbonisation potential for HM interventions such as 
clinker replacement, binder content reduction, and structural opti-
misation in published roadmaps underestimate the associated carbon 
abatement by 60–100 % compared to best practices. In the UK, the 
carbon intensity of cement and concrete consumption is 42–55 % 
higher than the best practice. While best practice implementation in 
the UK may be impeded by industry's willingness to shift from cur-
rent practices, immediate implementation is recommended to tap 
into a potential reduction of 4.7 million tonnes of CO2 per year.

2. Implementation of best practice HM strategies would result in a 41 % 
reduction in carbon emissions, requiring the remaining 59 % to be 
abated through the implementation of LM strategies or reduction in 
material demand. The financial and resource constraints on the 
implementation of LM strategies such as CCUS, electrification, and 
alternative binder is detrimental to their decarbonisation potential 
by 2050. Given their combined carbon abatement potential of 3.4 
million tonnes of CO2 per year however it is imperative that these 
strategies are implemented as soon as possible.

3. The only way to meet the net-zero target by 2050, with confidence, is 
the reduction of concrete demand by 43 % through the imple-
mentation of circular economy principles. Hence we need to over-
come economic, legislative, and social barriers by shifting economic 
models, creating new policy frameworks, and presenting direct 
public incentives to implement this strategy quickly and effectively.

While this study aimed to challenge the carbon abatement potential 
reported in the literature in order to balance the expectations placed on 
the two main types of decarbonisation strategies, one gap in the meth-
odology followed is that these ‘certain’ carbon abatement values do not 
account for the uncertainties associated with the carbon emissions of the 
studied variables. Hence, the main objective of a follow-on study would 
be to collect evidence, based on expert-opinion and market research, to 
validate the market penetration and decarbonisation potential expected 
of each LM and HM intervention in the UK cement and concrete sector 
enroute till 2050. While low-carbon alternatives to concrete such as 
natural fibres and earth-based materials are seen as a sustainable solu-
tion in many geographic regions, it was not considered a viable option 
for the UK due to the volumes required and uncertainty surrounding its 
environmental impact due to transport. Since this was a region depen-
dent assumption however, it is recommended that future studies 
examine the impact of the reuse and refurbishment of other building 
materials in line with local material availability.
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