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ABSTRACT 

Cement and concrete are fundamental to the UK’s built environment, yet their production is 

intrinsically carbon intensive, accounting for 1.5% of the country’s CO2 emissions (MPA, 2020). To 

comply with global and national net-zero targets, the UK cement and concrete sector is 

implementing and exploring a wide range of different decarbonisation strategies. While 

government and industry decarbonisation roadmaps provide an optimistic outlook into the future 

of sustainable cement and concrete, there is significant uncertainty regarding the feasibility of 

achieving net-zero targets. Life cycle assessment (LCA), the most commonly used methodology to 

assess a process or product’s environmental impact, is fragmented despite standardisation. 

Decarbonisation roadmaps heavily rely on strategies that have little existing market precedence. 

Cross-sectoral interdependencies, such as those between steel and cement, have also introduced 

additional uncertainty as materials critical to cement decarbonisation may no longer be available. 

The aim of this study is to assess how the UK cement and concrete sector can realistically achieve 

Net Zero 2050 by reviewing current standardised LCA practices in academic literature, identifying 

viable decarbonisation pathways, and analysing cross-sector impacts. Findings indicate that net-

zero by 2050 is achievable but not guaranteed. Greater methodological and data transparency in 

LCA studies is essential to ensure its effectiveness as a decision-making tool. Low-maturity 

decarbonisation strategies could abate up to 3.4 Mt CO₂/yr but face significant financial and 

resource barriers, while optimising existing strategies could abate 4.7 Mt CO₂/yr. Together, these 

approaches would still require a 43% reduction in material demand for the sector to reach net-zero. 

Cross-sector collaboration is also critical. The UK steel sector’s transition to greener production 

routes could lower its carbon footprint by 84% but at the cost of slag cement shortage, increasing 

the sector’s reliance on imports. To avoid cross-sector decoupling, the UK cement sector must 

match the steel sector’s rate of decarbonisation. 
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1. INTRODUCTION 

The growth of urban development can be attributed to the invention of concrete. It is a material 

that has been utilised throughout human history, from the ancient Roman Pantheon that has stood 

the test of time to the modern day structural marvel of the Burj Khalifa. The material’s high 

compressive strength and versatility has allowed it to be applied to many different forms of 

construction, especially when used in combination with reinforcing steel. The material is also highly 

durable, being resistant to weathering and fire. All of these properties have made concrete the most 

used construction material in the world, with approximately 30 billion tons of concrete being 

consumed globally each year (Monteiro et al., 2017). This consumption is only expected to increase 

in the future, as a rising global population leads to the subsequent demand for new buildings and 

infrastructure. While concrete construction is an attractive choice to meet this demand, 

sustainability concerns have emerged due to the substantial carbon footprint associated with the 

material’s production. Figure 1 shows the main material and process flows associated with concrete 

production. 

 

Figure 1: Simplified schematic of concrete production 

The largest contributor to concrete’s carbon emissions originates from one of its most essential 

constituents: cement. Cement, when combined with water, forms a glue that binds the fine and 

course aggregates together to make concrete. Its manufacturing process accounts for as much as 

8% of all global anthropogenic carbon dioxide (CO2) emissions, with 90% of these emissions 

originating from the production of clinker, the main constituent in traditional cement produced by 

the heating finely ground raw materials (primarily limestone, along with sand, shale and clay) in a 

cement kiln at approximately 1500°C (Lehne and Preston, 2018). The carbon impact from cement 
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production is made all the more significant due to the amount consumed annually. In 2022, roughly 

4.2 Gt of cement was produced globally, resulting in the release of 1.6 billion metric tons of CO2  (IEA, 

2022). To combat climate change, in 2015 the Paris Agreement was signed by 196 nations in an effort 

to limit global warming to below 2°C above pre-industrial levels (UNFCCC, 2016). In response to this 

initiative, the United Kingdom (UK) amended its own Climate Change Act of 2008 in 2019 which 

required the country to reach net-zero emissions by 2050 (UK House of Parliament, 2019). As one of 

the UK’s most energy-intensive sectors, the cement and concrete sector has faced significant 

pressure to decarbonise in order to meet these targets.  

To effectively target emission hotspots within the cement and concrete sector, its carbon emissions 

must first be quantified accurately and precisely. The most common method used to determine a 

product or sector’s carbon footprint is life cycle assessment (LCA). LCA is a systematic analysis that 

evaluates the environmental impacts of a given product throughout its life cycle from the extraction 

of raw materials to its final disposal (ISO 14040, 2006). Although LCA is a methodology standardised 

by the International Organisation for Standardisation (ISO 14040 and ISO 14044) and the European 

Norm (EN 15804), its implementation remains fragmented which has resulted in unreliable and 

incompatible findings. This is particularly evident across cement LCA studies where concerns have 

been raised regarding data quality and transparency, functional unit selection, and inconsistent 

rules for by-product allocation. Consequently, the value of LCA as a key strategic decision making 

methodological framework has been questioned. 

Despite these limitations, the use of LCA has allowed for the quantitative evaluation of different 

decarbonisation strategies. A decarbonisation strategy is defined as a plan or action that can be 

implemented to reduce the CO2 emissions associated with a specific material or process. Within the 

cement and concrete sector, several decarbonisation strategies have either been implemented or 

are currently being developed for wide-scale adoption (IEA, 2021). Strategy implementation within 

the sector may occur at the clinker, cement, or concrete production stage, however it is necessary 

for the sector to implement decarbonisation strategies concurrently in order to achieve net-zero 

targets.  The rate at which a given decarbonisation strategy can be implemented is determined not 

only by technological advancement but also by market readiness, which signifies the strategy’s 

social, economic, and political viability. Accordingly, decarbonisation strategies can be classified 

according to their level of maturity. High-maturity strategies, such as using low-carbon electricity 

and fuels and shifting to more energy-efficient clinker kilns, have a defined market precedence 

which have allowed the UK cement and concrete sector to reduce emissions by 53% since 1990 

(MPA, 2020). Conversely, low-maturity strategies, such as carbon capture, utilisation and storage 
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and the electrification of clinker production, can significantly reduce the sector’s emissions, 

however their implementation is currently limited due to economic, political, and technological 

barriers. Given the variation in market readiness among decarbonisation strategies, 

decarbonisation roadmaps were developed to quantify, prioritise, and coordinate strategy 

implementation. These strategic political frameworks are published by both government 

institutions (Climate Change Committee, 2020) and industrial organisations (MPA, 2020) and 

provide an overview on how key carbon targets will be reached enroute to Net Zero 2050. Within 

these roadmaps however, carbon abatement is often attributed disproportionally to low-maturity 

strategies, resulting in carbon targets that are often viewed with considerable uncertainty 

(Hammond, 2022).  

Cross-sectoral interdependencies across other energy-intensive industries has also introduced 

additional uncertainty regarding the feasibility of achieving net-zero climate targets. As part of the 

UK steel sector’s strategy to rapidly decarbonise, blast furnaces used in traditional steel production 

are currently being replaced by electric arc furnaces which utilise electric energy to melt scrap steel 

to create new products in lieu of fossil fuels and virgin raw materials (Jozepa, 2025, British Steel, 

2024). While a sustainable and efficient solution for the steel sector, this shift presents unintended 

consequences to cement sector decarbonisation efforts as blast furnace slag, a key by-product 

produced during the traditional steelmaking process, is no longer produced.  Blast furnace slag, 

when ground and granulated, can serve as a partial replacement for clinker when used as a 

supplementary cementitious material or as a full replacement when used as an alkali-activated 

material, allowing for significant reductions in clinker consumption and associated carbon 

emissions (Aslani et al., 2023). With the sector’s current reliance on imported blast furnace slag to 

meet demand, this transition will result in the material becoming increasingly unsustainable and 

economically unviable (Alberici et al., 2017, Comtrade, 2025). This unintended consequence may 

stagnate decarbonisation efforts in the cement sector, further calling into question the feasibility of 

achieving net-zero by 2050.  

Overall, the escalating pressure for energy-intensive sectors, such as the cement and concrete 

sector, to decarbonise has resulted in reduced transparency, overly optimistic assumptions, and 

fragmented approaches. Therefore, this thesis aims to address three primary research questions:  

 Question 1: How can the application of LCA methodology be improved to provide a 

transparent, robust, and consistent representation of direct sectoral emissions across 

different energy-intensive industries to support more effective decision-making? 
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 Question 2: What approaches enable high-certainty prediction of net-zero pathways in 

the UK cement and concrete sector, considering differing levels of market readiness and 

technological maturity across decarbonisation strategies? 

 Question 3: To what extent does the UK steel sector’s shift to the electric arc furnace 

production route affect decarbonisation efforts in the UK cement and concrete sector 

through its impact on GGBS availability, given their existing cross-sectoral dependency? 

By addressing these three research questions, this thesis aims to investigate how the UK cement 

and concrete sector can realistically achieve net-zero by 2050. The core results and discussion 

section of this thesis focuses on decarbonisation foundations, pathways, and synergies, providing 

a holistic assessment of decarbonisation strategies for the UK cement and concrete sector within 

the context of energy-intensive industries. Figure 2 illustrates the organisational structure of the 

thesis. The thesis consists of 7 chapters with chapters 3, 4, 5, and 6 serving as the results and 

discussion sections. The numbering, figures, tables, and references found in chapters 4, 5, and 6 are 

self-contained to keep the style consistent with the published versions.  

 

Figure 2: Visual overview of thesis structure 
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2. LITERATURE REVIEW 

2.1 Understanding Cement in the UK Context 

Cement is generally defined as an adhesive material capable of binding different material fragments 

together to form one cohesive mass (Bye, 2011). The British Standard European Norm (BS EN) 197-

1:2006 defines cement more specifically as a hydraulic binder, that when combined with water, 

undergoes a series of chemical interactions that allows the material to set, harden, and retain its 

strength and stability even if the material is fully submerged in water (BS EN 197-1, 2019). To 

increase the durability and strength of this binder (typically referred to as cement paste), it can be 

combined with both fine and course aggregates to create concrete. 

2.1.1 History of Cement Production and its Current Use 

The earliest evidence of humans utilising hydraulic cements in its modern understanding dates 

back to ancient Egypt. The Great Pyramid was constructed with the aid of a cementitious mortar 

that was created by burning gypsum and combining it with sand and water (Blezard, 2004). The 

ancient Greeks would alternatively burn limestone to create lime mortar, as gypsum mortar would 

prove unusable in the Mediterranean climate (Lucas, 1934). In addition, the Greeks were the first to 

incorporate volcanic ash with lime to form an even stronger mortar. Using this knowledge, the 

ancient Romans discovered that the volcanic ash located near the village of Pozzuoli next to Mt. 

Vesuvius could be used to create high quality pozzolan-lime cement (Van Oss, 2005, Blezard, 2004). 

The modern use of the term “pozzolan” to describe a siliceous material that exhibits cementitious 

properties when combined with lime and water originates from this period. This cement would be 

used extensively in Roman construction with some structures such as the Pantheon and Colosseum 

still standing today (Kosmatka et al., 2002). The fall of the Roman Empire in 476 AD brought forth a 

decline in cement usage for several centuries, with many techniques used to produce high quality 

cement mixes seemingly becoming lost until the 12th century (Blezard, 2004). Interest in the 

understanding and use of hydraulic cementitious properties did not re-emerge until the 18th 

century, when John Smeaton discovered that impure limestone containing traces of clay produced 

superior hydraulic cementing properties. This discovery allowed for cement manufacturers to 

consistently produce high quality, finely grounded natural cement, further increasing its use 

(Blezard, 2004, Kosmatka et al., 2002).     

The invention of modern day cement, labelled as ordinary or traditional Portland cement, is 

attributed to Joseph Aspdin who filed a patent for the artificial stone in 1824 (Aspdin, 1824). The 

name was chosen due to the colour and strength similarities the material shared with Portland 
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stone quarried on the Isle of Portland on the coast of Dorset (Blezard, 2004). While the patent 

specified the main constituents used including crushed calcined limestone, clay, and water, many 

specific details regarding the material’s manufacturing process were left out, likely as a way to 

prevent competing businesses from utilising his techniques (Blezard, 2004). In 1845, Isaac C. 

Johnson would discover and publicly reveal that the secret behind Portland cement’s high quality 

was the higher kiln temperatures that resulted in the formation of clinker, a glassy material that 

contained hydraulic di-calcium silicate and tri-calcium silicate that forms the primary constituent 

in Portland cement (Blezard, 2004, Kosmatka et al., 2002). This information allowed for the Portland 

cement’s manufacturing process to be continuously improved, eventually resulting in today’s 

modern manufacturing process. While the material would be used throughout the late 19th and early 

20th centuries, the production of Portland cement began to see a massive increase globally during 

the second half 20th century (Blezard, 2004). As populations continued to grow, countries began 

seeing the binder and its use in concrete as a preferred construction material due to the abundance 

of raw materials available for its manufacture, its low cost of production, and the convenience of its 

use as seen in the production of ready mix concrete (Biernacki et al., 2017). Today, concrete is one 

of the most used construction materials in the UK with 90 Mt consumed each year (MPA, 2020).  

2.1.2 Current UK Supply of Cement 

Currently the UK has eleven operating kiln sites, with the largest production site located in Hope, 

England. Figure 3 presents the total amount of cement consumed in the UK each year from 2013 to 

2023. In 2016, cement production peaked at 9.4 Mt, however since then material production has 

been on a downward trend, reaching its lowest level in 2023. Over the past decade, exports of 

cement have essentially ceased, as all production is utilised domestically. On average, 22% of the 

cement consumed in the UK is imported each year, with imports doubling from 15% to 32% over 

the decade. During this same time period, domestic cement production began to steadily decrease, 

implying that the UK has become increasingly reliant on imports to meet demand. In 2023, the UK 

imported 3.6 Mt of cement, primarily sourced from Spain, Ireland, and France likely due to their 

close proximity to the UK (Comtrade, 2025).   
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Figure 3: UK manufactured and imported cement (2013-2023) (MPA, 2023) 

The sector’s current reliance on imports is only expected to grow over the coming decades. In 2014, 

the British Geological Survey with the aid of the Mineral Product Association and other industry 

contacts was able to compile information about the current raw material quarry reserve life at 

several UK cement plants. Table 1 illustrates this information alongside the cement clinker capacity 

per year at each site. While the longest-running sites will be able to continue operating until 2042, 

many others will encounter raw materials shortages before that time (BGS, 2014). With new cement 

plants typically requiring a large upfront investment of at least £250 million along with additional 

millions of pounds of annual upkeep costs, it is in the best interest of the UK cement sector to 

optimise the current raw material supply found at these plants (BGS, 2014).  
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 Table 1: Reserve life of UK quarries adjacent to cement plants (BGS, 2014) 

MPA Plant 
Cement clinker capacity 

(Thousand tonnes/year) 
Reserve Life (Years) 

Staffordshire Cauldon 900 > 40 years 

Vale of Glamorgan (South Wales) Aberthaw 500 > 30 but < 40 years 

East Lothian (Scotland) Dunbar 900 > 30 but < 40 years 

Tyrone (Northern Ireland) Cookstown 480 > 40 years 

Derbyshire Tunstead 1095 > 30 but < 40 years 

Rutland Ketton 1390 > 10 but < 20 years 

Lancashire Ribblesdale 750 > 20 but < 30 years 

Flintshire (North Wales) Padeswood 820 > 30 but < 40 years 

North Lincolnshire South Ferriby 750 > 40 years 

Warwickshire/Bedfordshire 

Rugby - 

Southam 

Quarry 
1500 

> 30 but < 40 years 

Warwickshire/Bedfordshire 

Rugby - 

Kensworth 

Quarry 

> 20 but < 30 years 

Peak District National Park Hope 1300 > 20 but < 30 years 

 

2.1.3 Clinker and Cement Composition 

The composition of modern Portland cement clinker is defined in BS EN 197-1:2011 as a “hydraulic 

material which shall consist of at least two-thirds by mass of calcium silicates, the remainder 

consisting of aluminium and iron containing clinker phases and other compounds” (BS EN 197-1, 

2019). Clinker consists primarily of four major constituents: calcium oxide (CaO), silica (SiO2), 

alumina (Al2O3), and ferrous oxide (Fe2O3). In addition, trace amounts of other oxides can be found 

including sulphur (SO3) and magnesia (MgO) (Bye, 2011). The percentage range of these oxide 

elements are listed in Table 2.  
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Table 2: Composition of Portland cement clinkers (Lavagna and Nisticò, 2023) 

  

  

CaO, or lime, is the most prevalent constituent in clinker (Jackson, 2004, Manning et al., 2019). The 

main source for this constituent is limestone; a calcareous material that contains both calcium and 

magnesium. While the presence of some magnesium is acceptable in the raw mix, the total amount 

of the constituent may not exceed 5% (BS EN 197-1, 2019). This limit has become standard in the UK 

to reduce the possibility of excessive expansion caused by the hydraulic reaction between 

magnesium oxide (MgO) and water producing magnesium hydroxide (Mg(OH)2). This volumetric 

expansion results in the formation of internal cracking, which decreases the overall durability and 

robustness of the material (Li et al., 2021, Rehsi, 1983). It should be noted that some limestone such 

as dolomites are not considered feasible for use in cement due to its high MgO content (BGS, 2014).  

Figure 4 illustrates the locations of limestone deposits in the UK suitable for clinker production. The 

most commonly used limestone types in the UK are Carboniferous and Jurassic limestone due to 

their high degree of purity and low porosity (BGS, 2014, BGS, 2005). Carboniferous limestone 

deposits are seen most notably in the Peak District of Derbyshire in South Yorkshire and the Lake 

District in the north-west of England. In addition, there are sizable deposits of Carboniferous 

limestone in the north and south of Wales. Unlike the other parts of the UK, Scotland’s limestone 

deposits are scarce. The main deposit found in the south east of Scotland is home to the region’s 

only cement plant in Dunbar (BGS, 2014). Jurassic limestone is found mainly along a large belt that 

stretches from the south west of England through the country’s midlands and up to the north-

eastern Yorkshire coast. Despite the length of this belt, the deposits themselves are quite thin when 

compared to the Carboniferous limestone deposits. Cretaceous chalk, while more porous 

compared to Cretaceous limestone, is also used extensively. This chalk is found mainly in the south 

and south-east of England, but also on the coast of the East Midlands and Yorkshire. Figure 4 also 

highlights the close proximity of cement manufacturing plants to limestone deposits which allows 

for easy quarry access to reduce not only cost but also transportation related emissions (BGS, 2014).  

Constituent  Percentage 

CaO 58-67% 

SiO2 16-26% 

Al2O3 4.0-8.0% 

Fe2O3 2.0-5.0% 

MgO  1.0-4.0% 

SO3 0.1-2.5% 
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Figure 4: Limestone resources in the UK and cement plant locations (BGS, 2014) 

For the remaining constituents of the raw material mix, clay and shale are the main raw material 

sources utilised to account for the silica, alumina, and iron oxides present in the composition of 

clinker (Kosmatka et al., 2002). In the UK, these argillaceous components needed for the 

manufacture of Portland cement clinker are abundant. As a result, quarries containing these 

argillaceous materials can typically be found in very close proximity to cement plants (BGS, 2014). 

Additional raw materials may also be added to help improve the quality of cement is needed. This 

includes raw materials such as iron ore and sand which can provide an additional iron oxide and 

alumina to a raw mix respectively (Kosmatka et al., 2002). Based on the stoichiometry of the 

calcining reaction, Manning et al. (2019) determined the amount of raw materials needed to 

produce one ton of clinker. It was calculated that 1.16 tons of limestone and 0.39 tons of shale are 

needed per ton of clinker given a proportion of 75% limestone and 25% shale. Between 2019 and 

2023, an average of 7.14 Mt of clinker was produced in the UK each year. Using this information, it 
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can be deduced that the approximately 8.3 Mt of limestone and 2.8 Mt of shale is used in UK clinker 

production annually (Idoine et al., 2025).  

Since clinker constitutes 90–95% of ordinary Portland cement’s raw material composition, the 

chemical composition of cement closely mirrors that of clinker. Table 3 highlights the typical 

composition of ordinary Portland cement.  

Table 3: Composition of Portland cement (Ogirigbo, 2016) 

  

 

The key composition difference between clinker and Portland cement is the increased presence of 

sulphite originating from the addition of gypsum. Gypsum is the primary constituent added to 

clinker during the fine grinding process to aid in the regulation of the material’s setting time (Bye, 

2011). Typically a 5% addition of the cement’s mass is added, however this value could be less 

depending on the amount of tricalcium aluminate (C3A) present in the clinker, the clinker’s fineness, 

and the amount of sulphite (SO3) present in both the clinker and gypsum (Zhang, 2011). Excessive 

amounts of SO3 in the gypsum can cause the cement’s strength to decrease as a result of material 

instability (Zhang, 2011). In the cement industry, natural gypsum is preferred over the use of 

synthetic gypsum, an industrial by-product. While both can be utilised, the synthetic gypsum’s 

higher moisture content and faster reaction time makes its use less desirable (BGS, 2006). The East 

Midlands in England is where the majority of gypsum quarries can be found, however additional 

quarries can be found in the East Sussex, Staffordshire, and Cumbria (BGS, 2006). In the past couple 

of decades however, the availability of natural gypsum in the UK has decreased significantly. As a 

result, the UK has begun importing the material from other European countries such as Spain meet 

the country’s demand (Comtrade, 2025).  

2.2 Decarbonising UK Cement Production: Targeting Emission Sources 

Although cement is fundamental to modern construction, its carbon-intensive manufacturing 

processes poses a challenge to the future of sustainable infrastructure. Figure 5 presents the total 

Constituent  Percentage 

CaO 60-67% 

SiO2 19-23% 

Al2O3 3.0-7.0% 

Fe2O3 1.5-4.5% 

MgO  0.5-2.5% 

SO3 2.5-3.5% 
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carbon emissions originating from UK cement production from 1950-2023. Since the 1950, the UK 

cement industry has emitted 470 Mt of CO2 emissions. Between 1950 and 1970, carbon emissions 

increased sharply as a result of post-war construction demand. Emissions peaked in 1973 at 9.9 Mt 

of CO₂, followed by a general decline before peaking again in 1989 likely due to increased material 

demand. Since then, emissions originating from cement production have been on a general decline.  

 

Figure 5: UK carbon emissions originating from cement production (Our World in Data, 2023) 

While the UK cement sector has reduced its carbon emissions by 50% compared to 1970s levels, as 

of 2022 it still accounts for 9% of the country’s manufacturing emissions (Li and Unluer, 2025, ONS, 

2024). The main emission sources from cement production can be classified into three categories: 

process emissions, combustion emissions, and indirect emissions (Griffin et al., 2014). The following 

sub-sections explain each emission category, its contribution to the sector’s overall carbon 

footprint, and the decarbonisation strategies that have been implemented or are being explored to 

reduce these emissions. 

2.2.1 Process Emissions 

Accounting for more than 50% of the cement sector’s total carbon output, process emissions are 

the result of one key stage of the cement manufacturing process: calcination (Lehne and Preston, 

2018). Calcination is defined as the process in which the crushed and proportioned raw materials 

are heated in a rotary kiln to form clinker, the primary constituent in cement. The primary chemical 

reaction that occurs is defined by Equation 1, where the heat present in the kiln causes the 

decomposition of CaCO3 (i.e. limestone) into CaO and CO2. This reaction typically occurs around 

900°C; however, kiln temperatures must reach upwards to 1500°C to ensure that the key mineral 

phases in clinker are produced.  
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𝐶𝑎𝐶𝑂3(𝑠) → 𝐶𝑎𝑂 (𝑠) + 𝐶𝑂2 (𝑔) 

Equation 1 

Decarbonising process emissions remains the sector’s most significant challenge. In recent years, 

carbon capture and storage (CCS) technology has emerged as the leading solution. There are 

several different capture technologies, however the most mature solution is post-combustion 

capture using amine-based solvents. This capture process begins by passing the flue gas from the 

rotary kiln into an absorber containing an amine solution. The CO2 present in the flue gas chemically 

binds to the amine in the solution, allowing for the remaining gases to escape. The CO2 rich amine 

solution is then pumped into a stripper where the solution is heated to separate the CO2 gas from 

the amine. The amine solution is then recycled back into the absorber, allowing the pure CO2 gas to 

be dried, compressed, and stored (Xue et al., 2017). The benefit of the post-combustion pathway is 

the ability to retrofit existing plants with this technology, however this implementation comes at 

the cost of lower plant efficiency due to the increased energy demand required for amine 

regeneration (Wang and Song, 2020). Another popular carbon capture solution in the cement sector 

is oxy-fuel combustion. This CCS approach replaces the air in the rotary kiln with pure oxygen which 

results in the generation of a flue gas consisting of only water vapour and CO2 (Faria et al., 2022). 

While the removal of other elements typically present in flue gas allows for a more simplified CO₂ 

separation process compared to the post-combustion process, installing this technology would 

require extensive retrofitting of existing kilns. This is due to the fact that the use of pure oxygen 

produces a higher internal kiln temperature which results in the rapid degradation of kiln 

components (Gerbelová et al., 2017). In addition, the high energy required to produce pure oxygen 

has been found to reduce a plant’s energy efficiency by as much as 12% when compared to 

traditional cement plants (García-Luna et al., 2022). Calcium looping is another CCS technology that 

has also been explored for widespread implementation. The flue gas produced from the kiln is 

transported to a carbonator where CaO absorbs the CO2 present in the gas to form CaCO3. The CaCO3 

produced is then released in a calciner where it undergoes the same calcination reaction. The 

resulting CaO is then recycled back to the carbonator where the process is repeated (Arias et al., 

2017). While limestone (and therefore CaO) is abundant, the effectiveness of recycled CaO decreases 

over time which results in the need to add new virgin material (Ozcan et al., 2013). In addition, the 

energy required for the calciner process may result in fuel consumption that is two to three times 

higher compared to a traditional cement plant. Alternative energy generation however such 

electrification or oxy-combustion may off set this increased energy demand (De Lena et al., 2017, 

Liu et al., 2023).  
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While CCS technologies have been proven to be effective at smaller scale pilot plants, they have yet 

to be fully implemented due to high upfront and operational costs. To counteract these costs, 

complementary approaches to CCS, such as carbon capture and utilisation (CCU), have been 

explored. This process enables captured CO₂ to be converted into commercially valuable products 

including chemicals (Yoon et al., 2025), fuels, and polymers (Baena-Moreno et al., 2019). One of the 

most common CCU methods that has been explored for use in the cement sector is CO₂ 

mineralisation. This method enables captured carbon to be permanently stored as CaCO3 during 

concrete batch mixing, curing, or through carbonation (Zajac et al., 2022).  

As noted in Figure 6, the UK cement sector has a carbon capture potential of approximately 12 Mt 

CO2 per year. If CCS technology becomes fully implemented, process emissions released during 

calcination could be reduced by up to 74% (Marsh et al., 2023). Despite limited government 

investments into the technology over the past decade, in 2024 the UK government announced a 

£21.7 billion grant (applied over the next 25 years) has been approved to aid in the funding of CCS 

implementation (UK GOV, 2024, BBC, 2017). Even with this investment, implementation is still 

impeded by technical challenges, regulation concerns, public perception, and the need for cross-

sector infrastructure integration (Shourideh and Yasseri, 2024, Zhang et al., 2024).  

 

Figure 6: UK cement industry CO2 emissions with CCS potential (Danaci and Bui, 2022) 
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2.2.2 Combustion Emissions 

Accounting for roughly 40% of total CO₂ emissions produced from cement manufacturing, 

combustion emissions arise from the burning of fuels during clinker production (Lehne and Preston, 

2018). The rotary kiln accounts for the largest fuel consumption in the production process as an 

internal temperature of approximately 1450 °C is needed to achieve clinkerisation (MPA, 2019). 

Figure 7 illustrates the average fuel mix used in the UK for clinker production. In 2024, fossil fuels 

accounted for 46% of the UK clinker fuel mix; a nearly 23% decrease compared to the average fuel 

mix in 2014 (DECC, 2014). Within the fossil fuel share of the fuel mix, coal still remains the 

predominant type. From 2014 to 2024, the UK saw a decrease in annual coal production by 99% with 

only 0.11 Mt of the material being produced in 2024 (BEIS, 2020). Currently, the UK relies on coal 

imports from Colombia, the European Union, and South Africa with these exporters representing 

80% of the total coal imports in 2024 (UK Government, 2025). While this is the case, the amount of 

coal being consumed annually has decreased significantly as a result of an ever increasing interest 

in alternative, lower carbon fuels. In 2024, only 2.4 Mt of coal was consumed in the UK; an 96% 

decrease from 2014 (BEIS, 2020). This shift in the cement sector has resulted in an increase use of 

bio and non-bio based waste-derived fuels. By using alternative biofuels, not only is landfill waste 

reduced, but also CO2 emissions generated during clinker production. Over the past decade, the 

amount of waste-derived fuels used in the UK clinker fuel mix has increased by 33%. In 2024, waste-

derived fuels accounted for 54% of the fuel mix, with 25% originating from biomass (MPA, 2025). The 

most common biomass is solid recovered fuel (SRF) which is made from commercial and domestic 

waste. Additional alternative fuel sources include tyres, waste solvents, and meat and bone meal 

(DECC, 2014). While it is possible to increase the percentage of biomass used within the fuel mix, 

additional uptake may be limited due to supply constraints caused by reduced land availability for 

biomass harvesting (Pamenter and Myers, 2021). 
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Figure 7: Fuels used in the UK for clinker production (MPA, 2025) 

Over the years, thermal efficiency improvements have been implemented as an effective 

decarbonisation strategy to reduce the amount of fuel consumed, and therefore combustion 

emissions, arising from clinker production. One example of this that has been widely adopted in the 

UK is the use of dry kilns over wet kilns. By using dry kilns, heat consumption can be reduced by 35% 

(Liu et al., 2015). The introduction of pre-heating cyclones and pre-calcining kilns have also 

significantly improved thermal efficiency by allowing the raw meal to undergo pre-calcination 

through the utilisation of waste gases generated by the rotary kiln (MPA, 2019). Waste hot gas 

generated by the kiln preheater can also be transferred to the roller grinder mill to dry the raw mix 

before the calcination process begins (Bye, 2011). Furthermore, waste heat from the clinkerisation 

process can be recovered for electricity generation, providing up to 21% of the total electrical 

energy needed for a typical cement plant (Poggianti et al., 2024). By  maintaining the insulation 

lining inside the kiln, thermal efficiency can be further improved by reducing heat loss (Zeng et al., 

2023). Cool air from the clinker cooling process can also be recycled and reclaimed to partially dry 

raw meal (Marenco-Porto et al., 2023). By implementing thermal efficiency improvements, the 

carbon emissions associated with clinker production can be reduced by as much as 3.7% (Marsh et 

al., 2023). The key barrier to the implementation of these thermal efficiency improvements is 

material and equipment durability as insulation is prone to degradation over time due to wear. This 

results in frequent equipment downtime which may lead to increased operational costs. A lack of 

available infrastructure and space limitations were also highlighted as barriers to waste heat 

recovery system adoption (Christodoulides et al., 2022). 

46%

25%

29%
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Another innovative solution that has been explored to further reduce combustion related emissions 

is electrification. By electrifying the rotary kiln, the cement sector’s dependence on fossil fuels can 

be reduced, resulting in emissions savings of up to 30% (Marsh et al., 2023). There are several 

proposed electrification pathways in which clinkerisation can be achieved. One promising solution 

are thermal torches which utilise electricity to heat compressed gas (typically CO2) through 

ionisation. The ionisation process results in the formation of plasma; an electrically charged ionised 

gas capable of reaching temperatures of 5,000 °C (Heidelberg Materials, 2025b). Another option is 

resistive electrical heating which utilises electrified plates inside the kiln to generate and transfer 

heat through either convection, conduction, or radiation (Antunes et al., 2022). While retrofitting 

existing kilns with this technology is possible, difficulty regarding efficient heat transfer within the 

rotary kiln (Antunes et al., 2022), challenges with material degradation due to the high temperatures 

required for clinkerisation (Quevedo Parra and Romano, 2023), and the initial and operational 

investment required may limit the technology’s widespread adoption (Volaity et al., 2025). The 

effectiveness of electrification is also dependent on the capacity and energy mix of the local electric 

grid. In the UK, concerns have been raised about the burden caused by increased electricity usage 

from energy-intensive processes. To account for this, significant grid infrastructure upgrades would 

need to be implemented including access to more continuous and reliable green energy sources 

(Volaity et al., 2025). 

2.2.3 Indirect Emissions 

Accounting for 10% of the sector’s carbon footprint, indirect emissions are those that do not arise 

directly from on-site fuel combustion or the calcination process. This includes emissions originating 

from upstream activities such as raw material extraction and transportation as well as electricity 

consumption for grinding and mixing. Since most cement plants are located next to quarries that 

contain the necessary raw materials for cement production, transportation impacts are relatively 

small. Emissions originating from the material extraction process itself is also minimal, accounting 

for roughly 3% of the cement sector’s overall carbon emissions (Wernet et al., 2016). Therefore, 

largest proportion of indirect emissions arises from the electricity required for the mixing and 

grinding of raw materials. 

The first mixing and grinding stage occurs when the excavated raw materials (e.g. limestone, shale, 

and sand) are transported to a primary crusher where the materials are crushed to a size of around 

125mm. These stones are then transported by a vibrating screen to a secondary crusher where the 

stones are reduced to a size of 20mm (Kosmatka et al., 2002). After properly proportioning the 

crushed raw materials to achieve the optimum chemical composition, the raw mix is fed into a roller 
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grinder mill which crushes and grinds the mix into a fine powder. Grinding also occurs after 

clinkerisation as the clinker is transported to a grinding mill and blended with gypsum to produce 

Portland cement. Figure 8 illustrates the electricity generation sources for the UK grid in 2024. 

Currently the two largest generation sources in the UK are natural gas and wind, however the UK 

has committed to fully decarbonise the country’s electricity grid by 2035 by investing in offshore 

wind and nuclear energy (UK GOV, 2021). As part of this transition, the UK has also reduced coal 

consumption for energy generation from 101 TWh in 2014 to 2.7 TWh in 2024 (IEA, 2024). Despite this 

shift, concerns have been expressed regarding the ability to meet the ambitious 2035 target. Helm 

(2023) notes that the 2035 goal is implausible given the current policies in place. To realistically 

meet this goal increased government intervention would be needed which may result in a larger 

financial burden on UK taxpayers (Helm, 2023).  

 

Figure 8: UK electricity generation sources, 2024 (IEA, 2024) 

2.3 Decarbonising UK Cement Production: Reducing Clinker Demand 

While the cement sector’s energy intensive nature greatly contributes to its high carbon footprint, 

the growing demand for the material has further resulted in increased sectoral emissions. Given 

this, solutions have been implemented or are currently being explored to reduce the demand for 

new clinker and therefore Portland cement. One novel way to reduce this demand is by utilising 

end-of-life concrete. By crushing, sieving, and treating recycled concrete, fines can be separated for 

use as clinker feedstock to provide an emissions reduction of up to 12% (Marsh et al., 2023). This 

replacement is possible due to the calcium silicate hydrate product (C-S-H) and un-hydrated alite 

and belite which can be activated in new cement mixes. A study by De Brabandere et al. (2025) found 
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that a 10% partial replacement with concrete fines in a Portland cement mix had a compressive 

strength comparable to a traditional Portland cement, however the mix was found to have reduced 

durability in freeze-thaw conditions in addition to increased drying shrinkage. Oksri-Nelfia et al. 

(2016) however found that a substitution up to 25% could be used without effecting key properties 

such as early hydration and compressive strength. The performance of recycled concrete fines can 

be further enhanced through carbonation (Zhang et al., 2023) or mechanical activation 

(Rajczakowska et al., 2025). The key limitation to this decarbonisation strategy is the variability 

associated with recycled concrete as the performance of the material is effected by exposure 

conditions, age, and the composition of the original concrete mix (Shin et al., 2025). While end-of-

life concrete is readily available and a circular solution, its low substitution rates caused by 

performance limitations impacts the effectiveness of this strategy.  

Another solution to reduce clinker demand is by using supplementary cementitious materials 

(SCMs) as a partial replacement for clinker in blended cement mixes or as a full replacement for 

clinker as a precursor in alkali activated cements. Both of these strategies are outlined in further 

detail in Section 2.3.3 and 2.3.4, respectively. There are several types of SCMs used for low-carbon 

cement production, including silica fume, fly ash, ground granulated blast furnace slags (GGBS), 

limestone fines, and calcined clays. While GGBS is currently the most used SCM in the UK, there is 

increased interest in more abundant SCMs such as calcined clays (Scrivener et al., 2018). Therefore, 

the scope of SCMs in this thesis is limited to GGBS and calcined clays. Section 2.3.1 and Section 2.3.2 

highlight the production process and availability of both of these materials in the UK, respectively.  

2.3.1 Ground Granulated Blast Furnace Slag 

Slag is defined as an industrial by-product formed during the smelting and refining process of 

ferrous and non-ferrous metallic ores in a furnace. Due to its versatile nature, iron ore has become 

one of the most consumed metals globally (Brown et al., 2019). Nearly all iron ore mined and 

smelted is further refined into steel, a carbon-iron alloy, to create robust and durable buildings and 

infrastructure. The traditional steel manufacturing process is classified as the blast-furnace, basic 

oxygen furnace route (BF-BOF) which includes the smelting of iron ore in a blast furnace and the 

further refinement of iron in a basic oxygen furnace to produce steel.   

The blast furnace production process is illustrated in Figure 9. The production process begins by 

adding iron ore, coke and limestone into a blast furnace that has been heated to 1500-1600°C by hot 

air blasts. This heated air reacts with the carbon present in the coke to create CO2 which then reacts 

with the carbon molecules to form carbon monoxide. The reaction that occurs between the carbon 
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monoxide and iron oxide present in the raw iron ore results in the formation of CO2 and molten iron. 

During this process, the limestone is broken down into calcium oxide, which causes impurities 

present in the iron ore to be removed (Oge et al., 2019). The molten iron produced by these reactions 

settles to the bottom of the blast furnace while the less dense molten slag rises to the top. The 

molten slag can be cooled in one of two ways: air cooled or water quenched. While air cooled blast 

furnace slag does not exhibit cementing properties, the material can be used as an alternative 

aggregate product for concrete production. For blast furnace slag to exhibit cementing properties, 

the material must be rapidly quenched in warm water. After the material has been cooled using this 

method, the granulated slag can then be ground into a fine glass powder to create GGBS (Robinson 

et al., 2007).  

 

Figure 9: Blast furnace process (Robinson et al., 2007) 

Figure 10 illustrates the amount of blast furnace slag consumed in the UK from 2000 to 2024. To 

determine the average amount of GGBS produced annually, a ratio of 0.28 ton of slag produced per 

1.0 ton of pig iron was taken (Curry, 2018). Over the past decade, the UK has seen a continuing 

decrease in domestic iron production and therefore a decrease in GGBS production. This downward 

trend has only intensified in recent years as the UK steel sector has begun to transition away from 

BF-BOFs to electric arc furnaces; an alternative, more sustainable manufacturing method that 

refines and recycles scrap steel, reducing the sector’s dependence on virgin raw materials. This 
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method however does not produce GGBS as a by-product, further limiting the local supply of the 

material (Alberici et al., 2017). 

To account for the shortage of GGBS and satisfy demand, UK has been relying on imported GGBS. 

Over the past decade, the UK has imported an average of 1 Mt of GGBS annually, with imports 

exceeding the total amount of GGBS produced domestically since 2023. Countries that are in close 

proximity to the UK such as the Netherlands, France, Spain, and Germany have consistently been 

some of the UK’s largest exporters for GGBS. The Netherlands specifically has been one of the UK’s 

top three GGBS exporters for the past decade (Comtrade, 2025). While this is the case, in the past 

five years, Japan has become one of the UK’s largest GGBS exporters. Given the distance between 

Japan and the UK, it is likely that the CO2 emissions associated with the material’s transportation 

may outweigh the benefits of its use in low carbon cements. 

 

Figure 10:  UK GGBS consumption, produced and imported stock, 2000-2024 (Comtrade, 2025, 

WSA, 2025) 
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2.3.2 Calcined Clays 

In the UK, clays suitable for calcination are found in the southwest of England, particularly in 

Cornwall (BGS, 2009). To extract the clay, granite quarry walls as blasted to expose the raw material. 

To separate the clay from the surrounding granite, high pressure water jets are used. The slurry that 

is created from this extraction process is collected at the base of the quarry where the material is 

then pumped into a spiral classifier. To refine the raw material, machines separate and remove the 

sand and gravel present in the slurry. The refined slurry is then transferred into thickener tanks to 

begin the dewatering process. The thickened underflow is pumped into slurry storage tanks where 

the material then undergoes filter pressing to reach an 18-30% moisture content. To further remove 

excess moisture, the pressed clay is dried in a rotary dryer. This final process results in a fine powder 

having a typical moisture content around 11% (Reeves et al., 2006). In order for the clay to exhibit 

cementitious properties, the raw material must undergo calcination in rotary kilns at a temperature 

between 600-800°C (Fernandez et al., 2011).  

Figure 11 presents the total amount of kaolin produced and exported in the UK since 2010. During 

this time period, the UK produced an average of 1 Mt of kaolin annually, with approximately 90% of 

all kaolin produced being exported for use in paper, ceramics, and specialty clays markets (BGS, 

2009). While in the past few years there has been a decline in the total amount of kaolin produced, 

it was reported in 2009 that the UK has a kaolin quarry reserve life of 50 years (BGS, 2009). What is 

unknown however, is the impact this material’s use in the cement sector would have on the UK 

supply chain. If large quantities of the material are to be used as an SCM, it is likely that production 

of kaolin would have to greatly increase in order to meet the demand in this new sector. This may 

result in the UK’s current supply at these quarries with be depleted much quicker than originally 

estimated. While this may be the case, it should be noted that the kaolinite quality needed for 

cement production is lower than that required for the paper and ceramic industries (Scrivener et 

al., 2018). Outside of high-purity kaolinite, local clay types such as London clay has also been found 

to have good potential for used as an SCM (Dhandapani et al., 2023).  
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Figure 11: Annual UK manufactured and exported kaolin, 2010-2023 (Bide et al., 2024, Bide et al., 

2018, Idoine et al., 2015) 

2.3.3 Blended Cements 

Blended Portland cements are defined as cements that utilise SCMs (such as GGBS and calcined 

clays) as a partial replacement for Portland cement clinker (Glavind, 2009). Blended Portland 

cements are manufactured in two main ways. The first method is by intergrinding both the SCM and 

Portland cement clinker in a grinding mill, which allows for the two materials to be grinded and 

blended simultaneously. The second and preferred method requires grinding the SCM and Portland 

cement clinker separately and then blend them together either on site in a mixer or at a cement 

factory (Higgins, 2009). Cements blended in a mixer, the UK’s preferred method, has several benefits 

over blending in a factory including increased proportion flexibility, greater consistency, and 

reduced material transportation (Higgins, 2009, Lewis et al., 2003). British Standard European Norm 

standard (BS EN) 197-1:2011 Cement part 1: Composition, specifications, and conformity criteria for 

common cements provides a notation for five main cement types. These main types are then 

classified further based on the percentage of constituents present in the mix as noted in Table 4. 

While CEM II Portland slag cement allows up to 35% substitution with GGBS, the UK standard 

permits replacement levels of up to 95% in CEM III blast-furnace slag cement (BS EN 197-1, 2019). 

This high replacement value is not allowed for any other SCMs in blended cements, with 55% being 

the maximum substitution percentage allowed for calcined clays. 
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Table 4: GGBS and calcined clay blended cement types and their compositions (BS EN 197-1, 

2019) 

Main Cement Types Notation Clinker (%) GGBS (%) 
Natural Calcined 

Pozzolana (%) 

CEM II: Portland Slag 

Cement 

CEM II/A-S 80-94 6-20 - 

CEM II/B-S 65-79 21-35 - 

CEM II: Portland-Pozzolana 

Cement 

CEM II/A-Q 80-94 - 6-20 

CEM II/B-Q 65-79 - 21-35 

CEM III: Blast Furnace 

Cement 

CEM III/A 35-64 36-65 - 

CEM III/B 20-34 66-80 - 

CEM III/C 5-19 81-95 - 

CEM IV: Pozzolanic Cement 
CEM IV/A 65-89 - 11-35 

CEM IV/B 45-64 - 36-55 

CEM V: Composite Cement 
CEM V/A 40-64 18-30 18-30 

CEM V/B 20-38 31-49 31-49 

One major factor that results in the effectiveness of SCMs is their composition. The calcium 

aluminosilicate hydrate gel binding phase, or C-A-S-H gel present in SCMs is very similar to the C-S-

H present in hydrated Portland cement which allows these materials to be used as a cement 

alternative (Mohamed et al., 2020). Figure 12 illustrates differences in chemical composition 

between Portland cement, GGBS, and calcined clays. While these materials share the same chemical 

constituents, the proportions of each is varied. The primary constituent found in Portland cement 

and GGBS is calcium oxide, followed by silica. Due to GGBS typically has a slightly lower calcium 

oxide content and silica content compared to Portland cement, the material exhibits a lower degree 

of hydraulic reactivity when compared to Portland cement (Islam et al., 2011).   

 



 

32 

 

 

Figure 12: SCM ternary phase diagram, GGBS and calcined clays (Amran et al., 2021) 

Compared to GGBS, calcined clays exhibit a broader compositional range due to the mineral 

variability. The two most common clay types used are kaolinitic clays and illitic clays. Kaolinitic 

clays have a simple 1:1 octahedral and tetrahedral sheet structure, which when calcined, forms a 

highly reactive pozzolan. Illitic clays have a more complex 2:1 octahedral and tetrahedral sheet 

structure which results in an effective but often less reactive SCM when compared to kaolinitic clays 

(Overmann et al., 2024). The most reactive calcined clay is metakaolin, a clay that is comprised of 

primarily pure kaolinite. While the principle constituent in Portland cement is calcium oxide, silica 

is typically the primary constituent in calcined clays. The alumina content present in calcined clays 

is also much higher compared to traditional Portland cement, with pure kaolin having a higher 

alumina content compared to other calcined clays due to mineral structure differences (Overmann 

et al., 2024). While both low-grade kaolinitic and illitic clays were found to exhibit cementitious 

properties, kaolinitic clays were found to reach calcination at a lower temperature (around 650–

900 °C) when compared to illitic clays (above 850 °C) due to the additional iron oxide present in the 

latter (Msinjili et al., 2019).  

In addition to reducing clinker consumption, using SCMs has been found to alter and often improve 

the performance of cement. Although the high silica content present in blended cements results in 

a longer setting time and decreased early age strength gain, these cements typically exhibit higher 

compressive strength when compared to Portland cement alone (Piemonti et al., 2021, 

Astutiningsih et al., 2018). Blended SCM cements have also been found to improve a concrete’s 

resistance to sulphate-chloride attacks when compared to Portland cement (Abbas et al., 2010, 

Osborne, 1991). 
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Alongside traditional blended calcined clay cements, limestone calcined clay cement (LC3) has 

shown to be another promising low carbon cement alternative. The difference between blended 

calcined clay cements and LC3 is the mix’s constituents: a typical LC3 blended cement consists of 

50% clinker, 30% calcined clay, 15% limestone, and 5% gypsum. The inclusion of limestone in the 

mix has been found to react positively to the high alumina content present in pure kaolin clays 

(Scrivener et al., 2018). LC3 was also found to have comparable flexural and tensile strength, higher 

compressive strength, and improved chloride resistance when compared to traditional Portland 

cement (Scrivener et al., 2018). 

2.3.4 Alkali Activated Cements 

Alkali activated cements are a novel low carbon alternative that makes use of the aluminosilicate-

rich nature of SCMs such as GGBS and calcined clays to fully replace Portland cement in a given 

sample. The formation of this solid binder is achieved by utilising SCMs as an aluminosilicate 

precursor in combination with an alkali activating agent. The reaction that occurs between the 

alkaline activator and precursor results in the dissolution of the precursor which creates a hardened 

binder with properties similar to that of  Portland cement (Provis and Bernal, 2014). While not as 

widely used in industry when compared to blended Portland cements, utilising alkali activated 

materials have the potential to reduce CO2 emissions by 9% by reducing the sector’s dependency 

on Portland cement clinker (Marsh et al., 2023).  

There are several different types of alkali activators that can be used to initiate the reaction of the 

precursor including alkali silicates, alkali hydroxides, alkali carbonates, and alkali sulphates. The 

most commonly used alkali metals in alkali activation are sodium and potassium. While activators 

containing potassium are typically more expensive compared to those containing sodium, the use 

of potassium based activators have been found to have greater workability and lower viscosity 

when compared to sodium based activators (Provis, 2009). Precursors are classified in two main 

systems based on the primary reaction product that is formed when combined with an alkali 

activator. The main factor that effects which gel structure is the most dominate is the calcium 

content present in the precursor (Provis and Bernal, 2014). For example, GGBS is classified as a high 

calcium alkali activated system due to its formation of calcium aluminosilicate hydrate (C-A-S-H) 

gel as its main hydrate product. In contrast, metakaolin is classified as a low calcium alkali activated 

system due to its formation of sodium aluminosilicate hydrate (N-A-S-H) gel as its main hydrate 

product and are therefore classified as geopolymers (Provis, 2018). When compared to traditional 

Portland cement, alkali activated cements have been found to have better overall performance 

(Duxson et al., 2007) including higher sulphate attack resistance (Bakharev et al., 2002), improved 
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strength performance after exposure to high temperatures, and better bond performance with steel 

reinforcement when compared to traditional Portland cements (Ding et al., 2016). Despite these 

benefits, safety concerns have been raised regarding the handling of alkali activators on 

construction sites due to their corrosive nature (Yang et al., 2023). While alkali activated materials 

do provide a more sustainable option compared to traditional Portland cement, the energy 

intensive production process for the most commonly used activators generates additional carbon 

emissions that may offset the sector’s carbon savings (Umer et al., 2024).   

2.4 Validating Decarbonisation Strategies: Life Cycle Assessment  

To accurately validate the implementation of a decarbonisation strategy in a given sector, the 

sector’s baseline carbon emissions must first be quantified. The main methodological approach 

used to assess a product or sector’s carbon emissions is life cycle assessment (LCA). LCA is a 

methodology used to evaluate a wide range of environmental impacts throughout a product’s 

entire life cycle. It has also been defined as a key decision making tool in which environmental 

changes and improvements can be prioritised to best optimise a system given current financial and 

technological resources (Jolliet et al., 2015).  

The LCA methodological framework was first standardised by the International Organisation for 

Standardisation (ISO) in late 1990s with the publication of the ISO 14040 series, comprising of ISO 

14040:1997 (principles and framework) , ISO 14041:1998 (goal and scope definition and inventory 

analysis), ISO 14042:2000 (impact assessment), and ISO 14043:2000 (interpretation). In 2006, the 

standards were revised, and ISO 14041, 14042, and 14043 were consolidated into one new standard:  

ISO 14044:2006. This standard established the requirements and guidelines for LCA, while ISO 

14040:2006 was updated and streamlined to focus on the framework’s core principles (ISO 14044, 

2006, ISO 14040, 2006). During this period, ISO 14025:2006 was also published which introduced 

formal standards for Environmental Product Declarations (EPDs) which are publicly accessible and 

verifiable documents that report the environmental impact results of a product (ISO 14025, 2006). 

This standard also established the requirement that EPDs must be developed in accordance with 

Product Category Rules (PCRs) to ensure comparability across similar products.  While the first EPD 

and PCRs were published in the late 1990s, their widespread adoption did not emerge until the 

2010s due to the increased demand for sustainability reporting (Kokulu et al., 2025, Toniolo et al., 

2019). This was particularly the case in the construction sector as green building certifications such 

as LEED and BREEAM became commonplace (Gelowitz and McArthur, 2016, Awadh, 2017). In 2007, 

the ISO released ISO 21930 which provided further guidance on creating EPDs for construction 

products (ISO 21930, 2017). To improve the comparability of EPDs across the European construction 
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sector, in 2012 the European Committee for Standardisation published EN 15804 (2012). In 

accordance to both of these standards, PCR 2019:14 for construction products was released (PCR 

2019:14, 2025). This document provides specific rules regarding how the standardised LCA 

framework should be applied when developing EPDs for all construction products, including 

cement and concrete. Over time, standards and PCR guidelines have undergone several updates 

however the core framework for construction products has remained largely unchanged.  

 For the purposes of this thesis, the main methodological framework is based on the requirements 

outlined in ISO 14040 and ISO 14044, with PCR 2019:14 being drawn upon when appropriate. This 

approach is consistent with cement and concrete LCA academic literature, which views the 

methodological approach as a flexible and adaptable framework rather than one that is applied 

strictly (Olsson et al., 2024). In addition, full compliance with EPD standards in academic studies is 

typically not feasible due to limited access to primary industrial data and formal third-party 

verification processes (ISO 14025, 2006). Sections 2.4.1 to 2.4.4 provide details regarding each step 

of the LCA framework in the context of cement and concrete LCAs including goal and scope 

definition, inventory analysis, impact assessment, and interpretation as illustrated in Figure 13.  

 

Figure 13: LCA framework (Ouellet-Plamondon and Habert, 2015) 

2.4.1 Goal and Scope 

The first step in the LCA framework is defining a study’s goal and scope. In accordance with ISO 

14040, a well-defined LCA goal must clearly state the purpose of conducting the study and for whom 

the study being conducted for (ISO 14040, 2006). An LCA scope describes the detail of the study and 

is defined by several key elements as presented in Figure 14.   
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Figure 14: Defining the scope of a LCA 

2.4.1.1 Functional Unit 

A functional unit is defined by ISO 14040 as a “quantification of identified functions of a product” 

where the unit “provide(s) a reference to which the inputs and outputs are related” (ISO 14040, 

2006). When functionality of a product assessed is unknown or not applicable for construction 

products, a declared unit may be used instead of a functional one for ‘cradle-to-gate’ studies if “the 

product or material is physically integrated with other products during installation so they cannot 

be physically separated from them at end of life, the product or material is no longer identifiable at 

end of life as a result of a physical or chemical transformation process, and the product or material 

does not contain biogenic carbon” (PCR 2019:14, 2025). These conditions hold true for cement, as 

the material will typically be combined with aggregates to create concrete which cannot be 

separated at its end of life due to a physical transformation process. For these reasons, mass or 

volume based declared units are typically selected for cement LCAs. Feiz et al. (2015) however 

argues that by omitting the use and end of life stages in the analysis, a mass based unit may be seen 

as a functional unit for cement LCAs as the functionality between each cement type could be seen 

as its use in concrete production. In the case of concrete LCA studies, the primary function of the 

material would be to provide a certain strength or durability requirement. It is particularly crucial 

that the functional equivalence is taken into consideration particularly when conducting a 

comparative analysis between two or more products (Panesar et al., 2017, Brimachombe and 

Parsons, 2022).  
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2.4.1.2 System Boundary 

A system boundary is used to specify which life cycle stages, processes, material flows, and energy 

flows are assessed in a given LCA (ISO 14040, 2006). The most simplistic system boundary type is 

‘cradle-to-gate’. This boundary includes the extraction of raw materials needed to produce the 

product, transportation of these materials to the production site, and the manufacturing process of 

the product. A ‘cradle-to-grave’ further expands the ‘cradle-to-gate’ boundary by including the use 

and disposal stages of the finished product. The final boundary type, ‘cradle-to-cradle’, applies 

circular economy principles by assessing the impacts of recycling or reusing the product at its end 

of life. These system boundaries are illustrated in Figure 15.  

 

Figure 15: System boundaries for LCAs (Saberian et al., 2022) 

For cement and concrete LCAs, the most commonly used system boundary in academic literature is 

‘cradle-to-gate’, particularly since the production phase of a concrete LCA typically accounts for the 

greatest environmental impact (Colangelo et al., 2018). Some studies provide justification for this 

system boundary selection assuming that the use and end of life phase would be similar for all 

concrete mixes analysed (Teixeira et al., 2016). ‘Cradle-to-grave’ or ‘cradle-to-cradle’ boundaries are 

typically not considered as a structure’s service life and maintenance requirements often vary 

significantly. To accurately conduct a study with one of these boundary types, the LCA’s scope and 

functional unit must be specific to a given design (Feiz et al., 2015, Chen et al., 2010). In addition, 

carbon uptake of concrete structures due to carbonation would need to be assessed in the use and 

end of life stages. While this aspect can be used to reduce the carbon footprint of concrete, the 

material’s life span, strength, and post demolition time should be considered as they directly impact 

the amount of CO2 uptake that can occur (Possan et al., 2016).   
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2.4.1.3 Allocation 

ISO 14040 defines allocation as “partitioning the input or output flows of a process or a product 

system between the product system under study and one or more other product systems” (ISO 

14040, 2006). For cement and concrete LCAs, careful consideration must be made for the allocation 

of industrial waste SCMs such as GGBS within the cement sector. ISO 14044 specifies that allocation 

should be avoided when possible by either dividing unit processes into sub-processes or by 

expanding the product system through a process known as system expansion (ISO 14044, 2006). 

System expansion is an approach that identifies the product displaced by a by-product and 

accounts for this by subtracting the environmental burdens associated with the production of that 

displaced product. In the context of cement and concrete LCAs, industrial by-products such as GGBS 

would displace Portland cement clinker. Since iron is the primary product of the blast furnace 

process however, system expansion is typically applied by the steel sector where the avoided 

impacts from using GGBS are credited (World Steel Association, 2014). Cement LCAs therefore often 

treat GGBS as a low or zero-burden material to avoid double counting avoided emissions if system 

expansion were applied again (Habert, 2013). While this cut-off approach is simple and does not 

attribute upstream impacts to the by-product, it may underrepresent emissions that should be 

accounted for in cement LCAs. Historically, blast furnace slag was classified as a waste product 

despite the material’s use as an effective SCM. As a result of the material’s growing market, in 2007 

the UK’s Environmental Agency’s Waste Protocols Projects declared that blast furnace slag must be 

treated as a by-product as opposed to a waste product (Robinson et al., 2007). This decision was 

further solidified in the 2008 European Union Directive (EU, 2008). Since the blast furnace slag is no 

longer considered a waste product, the environmental impacts associated with the material’s 

production must be considered when conducting a LCA. Since allocation cannot be avoided, 

ISO14044 specifies that a system’s outputs should be partitioned either based on physical 

relationships such as mass or based on non-physical relationships such as economic value.   

2.4.2 Inventory Analysis 

The second step in conducting a LCA involves collecting data of relevant processes to create a life 

cycle inventory (LCI). The inventory analysis step of the LCA evaluates the flow of energy, emissions, 

and matter across a defined system boundary (Jolliet et al., 2015). The process based methodology, 

based on the physical flows present within a system boundary, is the most commonly used 

inventory analysis methodology. To evaluate the LCI for a given product, the flows and processes 

must first be identified. As previously discussed, the functional unit of a LCA is a reference that is 

used to evaluate the environmental impacts of a given product in terms of its defined function (ISO 
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14044, 2006). A functional unit is defined by a number of reference flows. ISO 14040 defines 

reference flows as a “measure of outputs in a product system required to fulfil the function 

expressed by the functional unit” (ISO 14040, 2006). Environmental impacts associated with each 

reference flow are calculated through a series of inputs and outputs in a defined system. Unit 

processes define the basis of the analysis as the smallest element in which inputs and outputs can 

be quantified (ISO 14040, 2006). In a unit process, elementary flows serve as a connection between 

the process and the environment. Input elementary flows, such as material extraction and energy 

use, enter the unit process while output elementary flows, such as generated emissions, leave it 

(Jolliet et al., 2015). Unit processes that are used in the production of another unit process are 

labelled as intermediary flows, and any finished products created by the unit process leave the 

system as product flows (Jolliet et al., 2015). Figure 16 presents a process flow diagram for the 

Portland cement manufacturing process. This diagram clearly presents each unit process in the 

cement manufacturing process (i.e. rotary kiln and preheater) along with the elementary flows and 

intermediary flows which connect each unit process. 

 

Figure 16: Portland cement process flow diagram (Huntzinger and Eatmon, 2009) 

When all of the flows and processes are mapped out and identified, the LCI can now be calculated. 

Given the selected functional unit, each of the identified intermediary and reference flows must be 

multiplied by the direct emission and extraction factors for every unit process. These values for each 

of these unit processes are then summed together to determine the total aggregated emissions and 

extractions for the entire process (Jolliet et al., 2015). The direct emissions (i.e. CO2 emissions) and 
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extraction factors (i.e. energy and water consumption) can be found by either in LCA databases, 

through industry connections, or by conducting experimental work. One of the most widely used 

LCA databases is Ecoinvent. This data base has a collection of inventory data ranging from energy 

sources and chemicals to transportation with the ability to sort through the data by geographic 

location (Wernet et al., 2016). 

The quality of an LCA study is dependent on the quality of the data utilised. As noted in ISO 14044, 

several data quality requirements for the LCI data must be met and specified. These requirements 

include but are not limited to: selecting data that is temporally and geographically relevant, 

technologically representative, complete and precise, reproducible, and transparent (ISO 14044, 

2006). While this is the case, the quality of some data in popular databases have been questioned. 

One example relating to the cement and concrete sector is sodium silicate. This common alkali 

activator used in alkali activated cements is one of these materials in the Ecoinvent database that 

may result in inaccurate LCA results as this material’s data has not been updated since the mid-

1990s. In recent years, improvements in sodium silicate production has resulted reduced 

environmental impacts. These reductions would not be accounted for if the current Ecoinvent 

dataset is used (McGuire et al., 2011). Another example is how Ecoinvent treats blast furnace slag. 

Despite the increased use of either mass or economic allocation procedures to assign 

environmental impacts to the product, the Ecoinvent database still treats this material as recycled 

cut-off content (Wernet et al., 2016). As a result, using this data significantly underestimates the 

environmental impacts of using GGBS as an SCM.   

2.4.3 Impact Assessment  

Conducting a life cycle impact assessment (LCIA) is the third step in the LCA methodology. To create 

a LCIA, impact categories, category indicators, and characterisation models must first be selected. 

An impact category is a representation of an environmental issue such as climate change, 

acidification, or photochemical oxidation (ISO 14040, 2006). It should be noted that these impact 

categories are typically regarded as midpoint categories as additional environmental impacts can 

be caused by these observed impacts. As an example, while climate change causes ozone depletion, 

it can lead to additional environmental impacts such as skin cancer in humans, land degradation, 

and loss of biodiversity (Jolliet et al., 2015). These additional impacts are known as endpoint impact 

categories. Compared to midpoint categories, there is typically less certainty in terms of the 

calculated environmental impacts (Bulle et al., 2019).  The category indicator is defined in ISO 14040 

as a “quantifiable representation of an impact category” (ISO 14040, 2006). As an example, if climate 

change is being used as the impact category for an LCA model, its category indicator would be 
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infrared radiative forcing. Characterisation models are used to determine the environmental 

impacts caused by a category indicator. These models derive characterisation factors which can 

then be used to convert LCI data into a common unit that represents a category indicator (ISO 

14040, 2006). In the case of climate change as the impact category, the characterisation model 

originates from the Intergovernmental Panel on Climate Change (IPCC) where the characterisation 

factor is global warming potential (GWP) over a specified time period (typically 100 years) (IPCC, 

2022). 

Once the impact categories, category indicators, and characterisation factors have been selected, 

the LCI data is assigned and classified to each impact category. For climate change, GWP classifies 

several airborne emissions including carbon dioxide, carbon tetrafluoride, methane, and nitrous 

oxides. For acidification, emissions such as nitrogen oxides, sulphur dioxide, hydrogen chloride, 

hydrogen fluoride, and hydrogen sulphide would be classified under acidification potential 

(Brimachombe and Parsons, 2022). The final required step in the LCIA process is characterisation 

which is the calculation of category indicator results (ISO 14040, 2006). This calculation weighs each 

emission in the characterisation factor based on their environmental impact in that particular 

impact category (Jolliet et al., 2015). This calculation results in an equivalency unit value such as 

carbon dioxide equivalent per kilogram (kg CO2 eq.) in the case of GWP.  

Alongside the required elements needed to conduct an LCIA, ISO 14040 specifies three additional 

steps that can be taken in an LCIA to produce more accurate results. The first optional element is 

normalisation. Normalisation a calculation that illustrates the magnitude of an environmental 

impact of a given functional unit relative to total environmental impact on a global or regional scale. 

The second optional element, grouping, allows for different impact categories to be classified and 

ranked based on several factors including emission type and scale (Jolliet et al., 2015). The last 

optional element weighting. Weighting LCIA results creates a weighted environmental impact using 

a weighing factors based on either a monetary basis or surveys (Jolliet et al., 2015).  

2.4.4 Interpretation 

Interpretation, while often listed as the last step in conducting an LCA, should occur at every step of 

the LCA methodology. ISO 14044 specifies three interpretation checks that should be conducted. 

The first of these checks is a completeness check which verifies the data collected is relevant, 

accurate, and of high quality. The second check is a sensitivity check which is used to test the 

accuracy of a LCA’s result by altering assumptions made during the LCA scope step. By changing the 

assumed functional unit, LCI approach, or allocation procedures used it can be determined how 
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sensitive the results are to change while also producing more robust results. The last check is a 

consistency check. This check verifies that the LCA results align with the defined goal and scope and 

any issues present can be identified and corrected (ISO 14044, 2006). Once these checks have all 

been completed, conclusions can be drawn and recommendations can be made.  
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3. DECARBONISATION BASICS: Application of Standardised LCA Methodology   

To demonstrate the application of the LCA methodology, a comparative concrete LCA case study 

was conducted to evaluate the impact of utilising GGBS as a partial clinker replacement; a key 

decarbonisation strategy in the cement and concrete sector. For the purposes of this case study, 

ISO standards 14040 and 14044 were followed and rules outlined in PCR 2019:14 were drawn upon 

when appropriate. This decision was based on findings from both Chapter 2 and Chapter 4 which 

found that most academic LCA studies typically follow the LCA framework outlined in ISO 14040 and 

ISO 14044 rather than EPD standards (e.g., EN15804 and ISO 21930). This case study is divided into 

four main subsections: (3.1) goal and scope definition, (3.2) inventory analysis, (3.3) impact 

assessment, and (3.4) interpretation. The aim of this non-empirical study is to present the LCA 

knowledge I acquired throughout the duration of the PhD in addition to highlighting limitations of 

using commercial LCA software.    
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3.1 Goal and Scope  

The goal of this external LCA comparative case study is to assess the environmental impacts 

associated with the production of two different concrete mix designs in the UK in 2024. To serve as 

a baseline, the first mix design considered is concrete produced with traditional Portland cement 

(CEMI). The second mix design assessed is concrete produced with blended cement consisting of 

70% Portland cement and 30% GGBS (CEMII). This substitution percentage was selected due to its 

faster setting time and early strength gain when compared to higher percentages of substitution 

(Higgins, 2009).  

The main audience of this study consists of two groups. The first group is academics who may use 

this information to further evaluate the sustainability of sustainable cement alternatives. The 

second group is those in the cement and concrete sector who have an interest in producing 

sustainable cements. As part of the analysis, both local and imported GGBS were considered. A 

functional unit of 1m3 of concrete (C30/C37) was selected for this study. This volumetric functional 

unit was selected to ensure functional equivalency between the 100% PC cement and the blended 

cement. The concrete strength class C30/C37 was selected as a value representative of a 

conventional concrete class commonly used in the design of reinforced concrete beams and 

columns (Kars et al., 2024). Using values from literature, average concrete mix designs with 

compressive strength values ranging between 35-45MPa were selected for each scenario. These 

values are reported in Table 5.  

Table 5: Concrete mix designs for 1m3 of concrete (C30/C37) with a compressive strength between 

35-45 MPa (Unit: kg/m3)  

Cement Type Binder Water PC GGBS Course Fines Superplasticiser 

100% PC* 355 195 355 0 946 813 0 

70% PC, 30% GGBS** 350 175 245 105 998 735 3.5 

* (Harrison et al., 2012) 

**(Karri et al., 2015, Oner and Akyuz, 2007, Rathnarajan et al., 2017, Younsi et al., 2013, Wu et al., 2001, Dhanya et al., 2018) 

 

A ‘cradle-to-gate’ system boundary was selected as illustrated in Figure 17. This boundary includes 

the extraction of raw materials required for cement and concrete production (e.g., limestone, GGBS, 

gypsum, course and fine aggregates), transportation of these raw materials, and energy required 

for extraction and production processes (e.g., coal, oil, and electricity).  
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Figure 17: Cradle-to-gate system boundary diagram for concrete production 

SimaPro v9.6 was selected to carry out the impact assessment method, and Environmental 

Footprint 3.1 adapted method was chosen to evaluate several midpoint indicators. This includes 

acidification, climate change, ecotoxicity (freshwater), particulate matter, eutrophication 

(freshwater, marine, and terrestrial), human toxicity (cancer and non-cancer), ionising radiation, 

ozone depletion, photochemical ozone formation, and resource use (water, fossils, and land). As 

specified in ISO 14044, several data quality requirements for the LCI data must be met and specified. 

Each of these requirements and how they are considered in the scope of this LCA are noted in Table 

6.  

Table 6: Data quality check as specified in ISO14044 

Data Quality 

Requirement 
Data Quality Check 

Geographical 

coverage 

As in line with the scope of this study, all unit processes will consider the UK 

specifically. Where applicable, datasets were regionalised to the UK by utilising 

UK electricity and energy mixes. If UK data was not available, European data 

was used. Global data was used solely for processes in which UK or European 

was not available.  

Technology 

representativeness 

The most current and up to date cement production manufacturing processes 

was considered for this report. This includes selecting data from an energy 

efficient dry process manufacturing plant which is most commonly found in the 

UK. 
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Time related 

coverage 

To ensure current and up to date information regarding the production 

processes, all EPDs used in this study has been published within the past five 

years from the publication of this case study. Despite using an Ecoinvent 

database version that was updated in 2024 (V3.10), several unit processes 

including cement making, gravel, and sand are out of date according to their 

respective process descriptions.  

Multiple output 

allocation 

During the concrete production process, no by-products are produced. As a 

result, the flow of all raw materials, emissions, and energy are associated with 

the production of concrete. Allocation however has to be considered for GGBS 

which is a by-product of iron production. For the purposes of this case study, 

economic allocation was considered as specified by the data source selected for 

GGBS. 

 

3.2 Inventory Analysis  

This case study utilised literature data and data available in Ecoinvent 3.10. The cut-off by 

classification model was selected to provide simplified and transparent results by excluding 

environmental credits associated with recycling and substitution. Specific data for the main 

Portland cement production process was taken from the Lafarge Portland Cement (CEM 1, 52.5N) 

EPD. Data from this EPD was collected at the Cauldon Cement Plant in Staffordshire. Table 7 

presents the input data provided in this EPD and the Ecoinvent processes selected for each 

assembly to create the process ‘Portland Cement {UK} Cementmaking’.  

Table 7: Product components for Lafarge Portland cement (Lafarge, 2021) 

Material  Weight (kg) Process 

Clinker 886 Clinker {UK} Production | Cut-off, U 

Gypsum 66 Gypsum, mineral {UK} | gypsum quarry operation| Cut-off, U 

Ground Limestone 44 Limestone, crushed, for mill {UK} | production | Cut-off, U 

Ferrous Sulphate 3.66 Steel, low-alloyed {GLO} | market for | Cut-off, U 

Additives 0.52 Ethylene Glycol {GLO} | market for | Cut-off, U 

 

The clinker dataset was regionalised from ‘Europe without Switzerland’ to the UK using regionalised 

data for gypsum, ground limestone, and UK electricity. The gypsum and ground limestone datasets 

were regionalised from Switzerland to the UK by replacing the Swiss electricity and heat inputs with 

UK specific datasets from the Ecoinvent database. Water inputs and outputs, in addition to waste 

disposal, was also regionalised to the UK where applicable. Global market processes were selected 

for ferrous sulphate and additives due to the uncertainty of where these products are 

manufactured. This is assumed to be a conservative estimate given the contribution of these two 

inputs is also relatively small in relation to the other materials required for cement production. The 
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processes for these inputs were selected from the ‘Cement, Portland {CH}| production | Cut-off, U’ 

process found in Ecoinvent.  

 
Since Ecoinvent does not assign any environmental burden to blast furnace slag under the cut-off 

method, a proxy inventory dataset was created for GGBS. This dataset utilises EPD data provided by 

Heidelberg Materials UK which applied economic allocation to determine the material’s 

environmental impact. While this method is unconventional in LCA studies, using representative 

flows allows impacts to be modelled that otherwise would not be considered due to data 

availability. The conversion from impact category to process flow is presented in Table 8, where 

each impact category represents a representative emissions outflow. Each impact category was 

divided by regionalised characterisation factors outlined in the Environmental Footprint 3.1 

method (European Commission, 2021, Schindler et al., 2025). 

 

Table 8: Proxy emission inventory data based on impact indicator values from Heidelberg 

Materials UK EPD (Heidelberg Materials, 2025a) 

Impact category 
Impact 

Value  
Unit 

Characterisation 

Factor (CF) 

Emissions 

Output = 

Impact 

Value/CF 

Unit 

GWP-fossil 0.155 kg CO₂-eq. 1.0 0.155 
kg CO₂ 

(fossil) 

GWP-biogenic 2.71 × 10-4 kg CO₂-eq. 1.0 2.71 × 10-4 
kg CO₂ 

(biogenic) 

GWP-luluc 5.36 × 10-5 kg CO₂-eq. 1.0 5.36 × 10-5 
kg CO₂ 

(LULUC) 

ODP 2.69×10⁻⁹ Kg CFC-11 Eq 1.0 2.69×10⁻⁹ kg CFC-11 

AP 1.83 × 10-3 mol H+-Eq 1.187 1.542 × 10-3 kg SO₂ 

EP-freshwater 2.88×10⁻⁵ kg P-Eq 1.0 2.88×10⁻⁵ kg P 

EP-marine 4.29 × 10-4 kg N-Eq 1.0 4.29 × 10-4 kg N 

EP-terrestrial 4.73 × 10-3 mol N-Eq 2.318 2.040 × 10-3 kg NH₃ 

POCP 1.36 × 10-3 kg NMCOV-Eq 1.0 1.36 × 10-3 kg NMVOC 

ADPE 1.24×10−7 kg Sb-Eq 1.0 1.24×10−7 Kg Sb 
GWP: Global warming potential, ODP: Depletion potential of the stratospheric ozone layer, AP: Acidification potential, 

EP: Eutrophication potential, POCP: Photochemical Ozone Creation Potential ADPE: Abiotic depletion potential  

 

Since the specific country of origin for blast furnace slag (BFS) was not specified, it was assumed 

that the majority of BFS by weight was produced in the UK. Alongside BFS produced in the UK, a 

sensitivity analysis was conducted on imported BFS from the Netherlands and Japan; two of the 

largest BFS exporters. It was also assumed that the grinding and processing of exported BFS occurs 
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at the Heidelberg plant and that the carbon intensity of BFS is the same in the UK as it is in the 

Netherlands and Japan.  

As noted in the Lafarge Portland Cement EPD, the production site considered for this study is the 

Cauldon cement plant located in Staffordshire. It was assumed that the mixing of blended cement 

and concrete occurs at this same plant.  For GGBS, the production site specified in the Heidelberg 

Materials EPD is located at Port Talbot in Wales. It was assumed that all imported BFS enters Port 

Talbot and the transportation distance between the port and the GGBS plant is negligible. Utilising 

Google Maps, the distance between Port Talbot and the Cauldon cement plant was estimated to be 

around 300km. For GGBS imported from the Netherlands, the largest European seaport, the Port of 

Rotterdam, was selected. The Port of Osaka was selected for GGBS imported from Japan as this port 

specialises in construction material cargo (ceicdata.com, 2023). The distances between these two 

ports were calculated using an online sea route and distance calculator (sea-distances, 2023). For 

imported BFS, a 150 km lorry transportation distance from the iron works to the country’s port was 

assumed. Table 9 summarises the land and sea transportation distances for the UK and imported 

GGBS in addition to the processes selected for each mode of transportation.  

 

Table 9: Land and sea carbon intensity and transportation distances for UK and imported GGBS 

Transportation 

Type 
Process  

GGBS Transport Distance 

United 

Kingdom 
Netherlands Japan 

Land 

Transport, freight, lorry > 32 metric ton, 

EURO5 {RER}| transport, freight, lorry > 32 

metric ton, EURO5| Cut-off, U 

300km 450km 450km 

Sea 

Transport, freight, sea, bulk carrier for dry 

goods {RER}| transport, freight, sea, bulk 

carrier for dry goods| Cut-off, U 

0km 1060km 19900km 

 

Table 10 notes the materials and processes selected for the concrete production process. Mass 

input values for each material were extracted from literature as noted in Table 7.  The electricity 

process in the gravel and sand datasets were regionalised from Switzerland to the UK. For the 

blended cement scenario, GGBS was also added as a material input using carbon intensity value 

noted in the Heidelberg Materials EPD. 
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Table 10: Material and process inputs for UK concrete production 

Materials Process 

Gravel Gravel, crushed {UK} market for gravel, crushed | Cut-off, U 

Sand Sand {UK} | market for sand | Cut-off, U 

Plasticiser  
Plasticizer, for concrete, based on sulfonated melamine formaldehyde {GLO} | market for 

plasticizer, for concrete, based on sulfonated melamine formaldehyde | Cut-off, U 

Water Tap water {Europe without Switzerland}, market for tap water | Cut-off, U 

Cement Portland Cement {UK} Cementmaking (see Table 7) 

 

The energy and electricity input values were extracted from ‘Concrete, 37Mpa {CH} concrete 

production, 37MPa, for civil engineering with cement, Portland | Cut-off, U’ and are noted in Table 

11. The processes were regionalised to the UK where possible. 

 

Table 11: Energy inputs and process inputs for UK concrete production 

Energy Input Process 

Fuel 0.5 MJ 
Diesel, burned in building machine {UK} |market for diesel, burned 

in building machine| Cut-off, U 

Electricity 4.9 kWh 
Electricity, medium voltage {UK} | market for electricity, medium 

voltage| Cut-off, U 

Natural Gas 8.8 MJ 

Heat, district or industrial, natural gas {UK} | heat and power co-

generation, natural gas, conventional power plant, 100MW 

electrical | Cut-off, U 

Heat other than 

natural gas 
9.5 MJ 

Heat, district or industrial, other than natural gas {Europe without 

Switzerland}| heat production, light fuel oil, at industrial furnace, 

1MW| Cut-off, U 

 

3.3 Impact Assessment  

The GWP for 1m3 of concrete (C30/C37) made with 100% PC (CEMI) and 70% PC and 30% GGBS 

(CEMII) was calculated using Environmental Footprint 3.1 method which applies 100-year 

characterisation factors based on IPCC AR6. Figures 17 and 18 illustrate these results in the form of 

Sankey diagrams for CEMI and CEMII, respectively. Each flow arrow represents the amount of 

greenhouse gas emissions generated by a unit process. The thickness of each flow arrow is 

proportional to the magnitude of the emissions it represents. The white boxes indicate that 

foreground data were utilised (e.g., data from the Lafarge EPD), while green boxes represent 
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processes that rely on background data from the Ecoinvent database. Table 12 outlines the 

environmental impacts for several impact categories for CEMI and CEMII using the Environmental 

Footprint 3.1 method. By dividing the impact results by the respective normalisation factors from 

the Environmental Footprint 3.1 method in SimaPro, the impacts are expressed in dimensionless 

normalised units, as shown in Figure 19. This expresses the environmental impact of concrete 

production relative to the total annual environmental impacts in the EU and enables comparison 

across different impact categories using a common unit (European Commission JRC, 2025).  

 

 

Figure 18: Sankey diagram for 1m3 of concrete (C30/C37) made with 100% PC using 
Environmental Footprint 3.1 method characterised to climate change; Cut-off 1% 
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Figure 19: Sankey Diagram for 1m3 of concrete (C30/C37) made with 70% PC and 30% GGBS using 
Environmental Footprint 3.1 method characterised to climate change; Cut-off 1% 
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Table 12: Environmental impact assessment results for 1m3 of concrete (C30/C37) using 
Environmental Footprint 3.1 method 

Impact category Concrete (100% 

PC) 

Concrete (70% PC, 30% 

GGBS) 

Unit 

Acidification 0.683 1.27 mol H+ eq 

Climate change 310 243 kg CO2 eq 

Ecotoxicity, freshwater 270 274 CTUe 

Particulate matter 5.07E-06 1.05E-05 disease inc. 

Eutrophication, marine 0.203 0.176 kg N eq 

Eutrophication, freshwater 0.0188 0.0187 kg P eq 

Eutrophication, terrestrial 2.34 2.3 mol N eq 

Human toxicity, cancer 6.06E-07 5.46E-07 CTUh 

Human toxicity, non-cancer 1.78E-06 1.42E-06 CTUh 

Ionising radiation 9.93 7.75E+00 kBq U-235 eq 

Land use 469 456 Pt 

Ozone depletion 1.44E-06 1.33E-06 kg CFC11 eq 

Photochemical ozone 

formation 

0.661 6.81E-01 kg NMVOC eq 

Resource use, fossils 1.29E+03 1.11E+03 MJ 

Water use 32.6 2.64E+01 m3 depriv. 

 

 

Figure 20: Normalised impacts for 1m3 of concrete (C30/C37) using Environmental Footprint 3.1 
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3.4 Interpretation  

Examining the raw impacts, it was found that the production of 1 m3 of concrete (C30/C37) with 

Portland cement produces 310 kg CO2eq/kg, with roughly 95% of this impact originating from 

clinker production. This high impact is due to two main contributing factors. The first is the amount 

of fossil fuels required to heat the rotary kiln at a high temperature (1450°C). The second factor is 

due to the chemical reaction limestone undergoes in the rotary kiln which releases CO2. For these 

reasons, it is crucial to implement decarbonisation solutions that both optimise the clinkerisation 

process and reduce the sector’s dependency on clinker as a material through the use of alternative 

cementitious materials. When comparing traditional Portland cement to the blended cement 

scenario which utilises 30% less clinker, a roughly 22% reduction in the climate change impact 

category is seen.  

For the remaining categories, the 70% PC–30% GGBS concrete showed higher impacts than 

Portland cement concrete in four categories: particulate matter (107% increase), acidification (86% 

increase), photochemical ozone formation (3% increase), and freshwater ecotoxicity (1.5% 

increase).  The higher particulate matter impact arises from the energy-intensive grinding during 

GGBS processing, while the increased acidification results from emissions originating from the blast 

furnace process. As shown in Figure 20, several impact categories become more significant when 

normalised against EU reference values. For both scenarios, the climate change impact category 

represents the most significant environmental impact. Human toxicity (cancer) showed the next 

highest impact across both concrete mix designs. This results primarily from combustion emissions 

that release heavy metals such as arsenic, cadmium, and chromium. Additionally, quarrying and 

crushing of limestone and other raw materials generate silica dust, which further contributes to 

both cancer and non-cancer human toxicity (e.g., respiratory diseases) (Raffetti et al., 2019). Under 

normalisation, nine impact categories were found to show higher impacts for the 70% PC–30% 

GGBS concrete compared to Portland cement concrete, with terrestrial eutrophication, non-cancer 

human toxicity, fossil fuel resource use, minerals and metals resource use, and photochemical 

ozone formation having the greatest increase. As previously discussed, large amount of fossil fuels 

such as coal and fuel oil are consumed during clinker calcination, while the coke required for the 

blast furnace process contributes further to fossil fuel use. This additional fuel needed for BFS 

production and processing leads to concrete containing blended GGBS cement having higher 

impacts in resource use and photochemical ozone formation compared to traditional concrete 

mixes with Portland cement. Fuel combustion during iron production also generates significant 
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nitrogen oxide emissions, which in turn lead to a higher normalised eutrophication impact (Backes 

et al., 2021).  

With the UK’s reliance on imported GGBS to meet market demand, it is crucial to consider the 

impacts of transportation. Figure 21 notes the climate change impact for three different GGBS 

transportation scenarios. The first considers if the GGBS was produced in the UK, the second 

considers if the material was imported from the Netherlands, and the third evaluates if the material 

was imported from Japan. From the figure it can be concluded that while importing GGBS from the 

Netherlands does not significantly increase the environmental impacts, importing the material from 

Japan does increase these impacts by roughly 7%. The climate change impact of importing GGBS 

from Japan for blended cement was found to be equal to 260 kgCO2eq/kg. Comparing this value to 

traditional Portland cement production which was found to have a climate change impact of 310 

kgCO2eq/kg, it can be concluded that it would be still more sustainable to utilise imported GGBS 

from Japan as opposed to relying solely on traditional Portland cement.  

 

Figure 21: Climate change impact of 1m3 of concrete (C30/C37; 70% PC-30% GGBS) with impact of 
material importation included using Environmental Footprint 3.1 

3.5 Conclusions and Recommendations  

An LCA was conducted following the ISO 14040 and ISO 14044 standards to evaluate the 

environmental impacts of concrete production in the UK. A comparative analysis was conducted 

between two concrete mix designs. The first concrete scenario considered traditional Portland 

cement and the second scenario considered a blended cement with a 30% clinker substitution with 

GGBS. A functional unit of 1m3 of concrete (C30/C37) using was selected for this cradle-to-gate 

study. Special attention was paid to the allocation procedure for GGBS as the material is now 
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classified as a by-product. For this reason, economic allocation was chosen as the allocation 

scenario. To conform to the ISO standards, data quality requirements were evaluated. For this 

study, data was taken from publically available EPDs and the Ecoinvent database. The impact 

assessment method selected for this study was the Environmental Footprint 3.1 adapted method.  

The LCA results indicate that the most significant impact category is climate change due to the 

calcination process in the kiln during clinker production. The concrete which utilised a blended 

cement ratio of 70% PC-30% GGBS was found to have a 22% reduction in carbon emissions when 

compared to concrete produced with 100% PC. Other notable impact categories include human 

toxicity and terrestrial eutrophication which primarily result from fossil fuel combustion. With the 

UK reliant on imported GGBS for cement production, the environmental effect of imported GGBS 

was evaluated. Comparing the UK’s two largest exporters of GGBS, the Netherlands and Japan, it 

was found that while importing GGBS from the Netherlands had little effect on the total 

environmental impact, importing the material from Japan made did increase the material’s carbon 

footprint by 7%. While this is the case, it is still a more sustainable solution when compared to 

relying on concrete produced with traditional Portland cement alone. In conclusion, the use of 

blended GGBS cement in concrete mixes is recommended over traditional Portland cement alone 

as an effective way to lower the carbon footprint of concrete production. To further minimise 

environmental impacts, GGBS should be sourced from neighbouring countries or the UK to reduce 

transportation distances and associated emissions. 

Overall, this case study highlights how LCA methodology can be used to evaluate the effectiveness 

of decarbonisation strategies, such as clinker replacement, in reducing the carbon footprint of the 

cement and concrete sector. However, there are several limitations present in the case study. One 

of these key limitations is SimaPro’s black-box approach which reduces data and process 

transparency. This is particularly the case with the clinker production, as several stages of the 

production processes (e.g., mixing, grinding, pre-heating, and calcination) are aggregated into one 

process. Since the clinker process output does not distinguish between process emissions and 

combustion emissions, the ability to effectively evaluate decarbonisation strategies that focus on 

these sources separately is limited. Moreover, this aggregated modelling approach makes it difficult 

to evaluate the combined effects of multiple decarbonisation strategies. Future work should aim to 

model cement and concrete carbon intensity calculations using more transparent methods. 

Another key limitation of this case study is the SCM chosen for analysis.  With the UK steel sector 

looking to replace traditional steelmaking with low carbon steel produced with recycled scrap steel, 
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the availability of local GGBS will continue to decline further resulting in the cement sector’s 

reliance on imports to meet demand. By not considering these wider cross-sector changes, this case 

study overlooks factors that could influence the long-term effectiveness of GGBS as an SCM to 

reduce sector emissions. Further work is needed to assess the decarbonisation potential of GGBS 

by assessing current market trends and how these changes may affect the symbiotic relationship 

between the cement and steel sectors. 
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4. DECARBONISATION FOUNDATIONS: Insights from Existing LCA Studies  

The first article, published in Renewable and Sustainable Energy Reviews, critically analyses the 

current implementation of standardised LCA methodology across four energy intensive industries: 

cement, steel, glass, and plastics. This analysis was achieved through a systematic literature review 

in which 256 studies were selected and evaluated based on the LCA framework presented in ISO 

14040 and ISO 14044. From this, it was found that LCA application is fragmented across all four 

sectors, with clear differences arising from the implementation of the methodology including how 

functional units are defined, how data quality is assessed, and how results should be interpreted. 

To strengthen the effectiveness of LCA as a critical tool used to advance decarbonisation goals, ‘best 

practice’ recommendations were presented. The methodological gaps identified in this study 

directly influence the transparent LCA modelling approach presented in Chapter 5, as well as the 

evaluation of GGBS (particularly regarding by-product allocation) on a cross-sector level in Chapter 

6. I hereby certify that I led the conceptualisation of the study and led the formal analysis and data 

curation for the cement and concrete sector. In addition, I co-led the writing of the original draft 

alongside Jacob W. Whittle and took responsibility of the submission process including responding 

to comments left by peer-reviewers.   
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Abstract 

Cement, steel, glass, and plastics sectors are at the forefront of industrial decarbonisation and must 

make effective, evidence-based strategic choices. For the first time, this work analyzes current 

implementation of life cycle assessment (LCA) methodology, as a key decision lever, across the 

aforementioned sectors through a critical, systematic literature review of 256 studies. Results reveal 

differences in how LCA studies are conducted, and that implementation is fragmented. Many 

studies did not consider functionality when defining a functional unit, and most do not objectively 

assess data quality. Significant differences also exist regarding the definition of scope and selection 

of impact categories and interpretations. Therefore, this work provides recommendations for ‘best 

practice’ in LCA applied to global industrial sectors, aiding in the development of a consistent and 

transparent approach to cross-sector LCA implementation. Specifically, functional unit types must 

be properly defined, cross-sector allocation procedures should be intrinsically linked, a ‘cradle-to-

cradle’ system boundary should be used where possible, and these aspects should be 

synergistically implemented across sectors where possible. Data quality should be assessed 

objectively, with greater uniformity in impact assessment methodologies, impact assessment 

categories and reporting methods. Sensitivity and uncertainty assessments should be completed 

and reported in line with International Standard Organization (ISO) 14040 and 14044, and a greater 

focus should be placed on future production processes and technology. This will improve LCA 

applications and outcomes, allow effective cross-sector comparison, and enhance decision making 

towards net zero. 
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 Fragmentation of LCA application in cement, steel, glass and plastics 

 Varied functionality, scope, impact categories and data quality in LCA implementation 

 Recommendations for ‘best practice’ LCA in energy-intensive industries 

 Consistent and transparent approach required for cross-sector LCA implementation  
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Abbreviations 

BFS - blast furnace slag 

BF-BOF – blast furnace-basic oxygen furnace 

CML - Centrum voor Milieukunde Leiden 

E-IO - economic input-output  

GGBFS - ground granulated blast furnace slag  

GWP - global warming potential 

IPCC - Intergovernmental Panel on Climate Change  

ISO - International Standards Organization 

LCA - life cycle assessment  

PCR - Product Category Rules 

SCM - supplementary cementitious materials 

SLR - systematic literature review 

UK - United Kingdom 

WOS- Web of Science 

 

1. Introduction 

Since the Industrial Revolution, the increasing demand for infrastructure and products has resulted 

in the formation of, and reliance on, several key global industrial sectors that have greatly 

contributed to the growth of modern society, including: cement, steel, chemicals, paper, and 

aluminum. In the past two decades, these industries have seen unprecedented growth that will only 

continue as a rising global population further increases consumer demand [1]. However, this growth 

has come at the expense of adverse environmental impacts due to the energy intensive nature of 

these industrial processes [2]. 
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In 2022, it was reported that the global industrial sector accounted for nine gigatons, equivalent to 

25%, of all carbon dioxide emissions [1].  Ensuring that all global greenhouse gas emissions decline 

by 43% by 2030 to reach net zero by 2050 has become an international priority as outlined by United 

Nations Sustainable Development Goal 13 [3]. A lack of incentive to implement innovative, 

sustainable solutions in energy intensive industries has until recently been slow due to the absence 

of new competition for incumbents, and the requirement for large capital expenditure. 

Furthermore, their position in the supply chain has until recently shielded them from the consumer 

pressure which drives the environmental and social performance of more publicly visible 

businesses. However, as a result of recent shifts in expectations of consumers and policy makers, 

these sectors are now facing profound pressures to reduce their carbon emissions [4]. Several 

approaches have been adopted to tackle these issues including addressing the need for responsible 

consumption, production, and innovative sustainable technologies by applying the concept of a 

circular economy across all industrial sectors, whilst also retrofitting existing infrastructure with 

cleaner, greener, and more efficient industrial processes; aligning with United Nations Sustainable 

Development Goals 9 and 12 [5, 6]. 

An example of this is seen in the United Kingdom (UK), where the UK Research & Innovation council 

identified six industrial sectors that contribute most to the UK’s carbon footprint, with 50 million 

metric tons of carbon dioxide being emitted annually: cement, metals, glass, paper, ceramics, and 

chemicals [4]. To bring further attention to carbon emission reductions required in these 

economically vital industries, which together account for 2.5% of the UK’s gross domestic product, 

these sectors were termed the UK’s ‘Foundation Industries’ [4, 7]. Although the industries that are 

considered ‘foundational’ differ between countries, once they are identified, a greater focus can be 

placed on finding innovative and sustainable solutions to decarbonize while also ensuring 

economic stability and growth. 

There are several standardized methodologies for evaluating the feasibility of decarbonisation 

including environmental impact assessment [8], environmental management system [9], and 

carbon footprint of a product [10]. Life cycle assessment (LCA), however, is the most widely used 

method to provide a general perspective for a given product by evaluating a wide range of 

environmental impacts throughout its whole life cycle [11]. LCA has also become an increasingly 

critical lever within industrial product development as a strategic decision making tool, where 

solutions to address environmental impacts can be prioritised to best optimise a system given 

current financial, technological, and human resources [12].  
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The International Standard Organization (ISO) 14040 and 14044 define the LCA framework in the 

four distinct stages as seen in Figure 1 [11, 13]. The first stage, ‘goal and scope’, defines and 

establishes the rules and depth of a study. This includes selecting a functional unit, system 

boundary, and allocation procedure for a selected product. Stage two, ‘inventory analysis’, 

encompasses data collection and data quality evaluation. The third stage, ‘impact assessment’, 

aims to calculate the environmental impacts of the defined product using environmental indicators. 

Stage four, ‘interpretation’, requires the assessor to draw conclusions based on the analysis and to 

carry out checks to ensure robust results. While interpretation is often listed as the last step in 

conducting an LCA, it should occur at every step of the LCA methodology. 

 

Figure 1: LCA Framework, adapted from [11] 

The technological, economic, and social importance of ‘foundational’ sectors means that they have 

been extensively studied in isolation through detailed environmental impact analysis of specific 

processes and technologies as well as individual sector literature review studies [14-17]. However, 

by assessing existing peer-reviewed LCA studies across multiple sectors, current trends and 

practices at both a sector and cross-sector level can be identified. Within existing subject studies, 

this type of cross-sectoral review has not previously been completed. Given the multitude of 

interconnections and interdependencies between these sectors, each respective industry would 

benefit from understanding how their counterparts are approaching the challenge of 

decarbonisation. There are a number of well-established literature review methodologies including 

narrative, meta-analysis, and meta-synthesis [18]. In this study a systematic literature review (SLR) 

methodology was selected, as described by Tranfield et al. [19]. This technique adopts a repeatable, 

replicable, and transparent methodology which captures key studies related to a specific research 

question. When completed correctly, the study is able to produce reliable findings and conclusions 

[20]. 
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The goal of this review is to assess and understand how LCA studies are conducted in four global 

industrial sectors (cement, steel, glass, plastics), analyze the findings to ascertain how standardized 

LCA methodology is implemented, and generate recommendations for future LCA studies across 

these industries. Importantly, by analyzing current implementation practices of LCA methodology 

across the aforementioned sectors through a critical, systematic literature review, new insight is 

obtained regarding wide scale cross-sector implementation in these energy intensive industries. 

This is the first study that applies SLR methodology to distil a vast array of research regarding LCA 

implementation in cement, steel, glass, and plastic sectors holistically, generates a set of 

overarching conclusions applicable across each of these energy-intensive sectors, and develops a 

set of key recommendations for ‘best practice’ in LCA applied to such global industrial sectors. This 

will improve LCA practice, allow effective cross-sector comparison, and enhance decision making 

towards net zero. 

This study is divided into five sections as follows: section two describes the SLR methodology used 

to retrieve journal articles, section three reports the bibliometric analysis of the retrieved articles, 

section four details the findings of the review, section five summarizes the similarities and 

differences in application of the LCA methodology between each sector, and section six summarizes 

the key findings and provides recommendations for future LCA implementation.  

2. Methodology 

2.1. Overall Approach 

Due to its prevalence, the process-based approach described by Tranfield et al. [19] and Atansovska 

et al. [21] was adopted as the overarching strategy for performing this SLR. The process completing 

this review consists of the following three stages: planning (section 2.2), conducting (sections 2.3 

and 2.4), and reporting. The approach is shown by a flowchart in Figure 2.  
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Figure 2: SLR Process Flowchart 

2.2. Step 1: Article Collection 

2.2.1. Review Scope 

This review focused solely on english language, peer-reviewed journal articles. Modern methods of 

LCA were standardized by ISO 14040 in 1997 [22], but did not become commonplace until 2000 with 

the publication of impact assessment methodologies [23]. Therefore, to capture the best quality 

environmental LCA articles which utilize standard methods and terminology, only work published 

within the last twenty years (2003 until 2023) is reviewed. The key focus of this research is the 

environmental impact of production and manufacture of feedstock materials within four energy 

intensive sectors as discussed in section one. Therefore, studies which primarily addressed life cycle 

costing and social impacts were excluded unless the LCA portion was significant enough to review. 

2.2.2. Keyword and Database Selection 

The databases that were used to conduct the review were SCOPUS, EBSCO, and Web of Science 

(WOS). These are considered to be the largest databases that can provide a sufficient number of 

articles to conduct a systematic review [21]. Several different keyword strings were trialed but 

ultimately a generic string, sector specific keywords, and associated search parameters were used 

as shown in Table 1. Sector specific keywords were added to further specify search results in sectors 

that utilize specific terminology; however, due to the comprehensive array of plastic materials that 

are considered part of the plastic industry, no specific terminology was required. 
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Table 1: Keyword String, Sector Specific Terms, and Search Parameters Used 

Keyword String 

("Life Cycle Assessment"  OR  "Life Cycle Analysis"  OR  "LCA"  OR  "Life Cycle Impact 

Assessment" )  AND  (”Sector Name Industry” OR “Sector Name Production” OR “Sector Name 

Manufactur*” OR “Sector Specific Terms”) 

Sector Specific Terms 

Cement Steel Glass Plastics 

“Portland Cement 

Production” OR 

“Portland Cement 

Manufactur*” 

“Iron Industry” OR 

“Iron Production” 

“Glass Furnace” OR 

“Glass Melting” 
Not applicable 

Search Parameters 

Database(s) SCOPUS, EBSCO, WOS 

Publication Year 2003 - 2023 

Article Type Journal 

Language English 

 

2.3. Step 2: Descriptive Analysis 

Bibliometric analysis, a type of descriptive analysis, is defined as both a quantitative and qualitative 

research method which is utilised to evaluate the impact of individual researchers, research 

clusters, journals, countries, or institutions [21]. It is also a useful method for systematically 

identifying research trends within different fields of study [24]. To perform this bibliometric analysis, 

VOSviewer, a software package, was used to visualize and analyze keyword co-occurrence [25].  

2.4. Step 3: Article Evaluation 

The retrieved articles were reviewed according to review criteria adapted from Atansovska et al. [21] 

and Bisinella et al. [26]. For this study, the broad groups were refined into three main categories: 

general, sectoral, and LCA characteristics. The general characteristics section notes information 

relating to the study’s publication and scope. The sectoral characteristics section was included as a 

customizable review criteria block by which unique aspects of material production for each sector 

could be captured. The LCA characteristics section highlights how the LCA methodology was 
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implemented in each study by assessing each category of the LCA framework illustrated in Figure 1. 

In addition, the standards followed in each study were noted as a quality proxy. This exhaustive, 

predefined set of review criteria for each criteria group is summarized in Table 2. As required by 

Tranfield et al. [19], this will keep the review as objective as possible whilst retaining maximum 

comparative value in the study.  

Table 2: Review Criteria used Organized by Criteria Groups 

Criteria Groups Review Criteria 

General 
Characteristics 

 Author(s) 

 Journal 

 Geographic Location(s) 

 Year 

Sectoral 

Characteristics 

Cement Steel Glass Plastics 

 Type of Cement 

 Alternative Fuel 
Types 

 Supplementary 

Cementitious 

Material/ 
Precursor 

 Alkali Activators 

 Production 

Route 

 Final Product 

 Type of Glass 

 Manufacturing 

 Processes 

 Glass 

Application 

 Recyclability  

 Inventory 

 Type of Polymer 

 Type of Plastic 
 

General 

Characteristics 

 Author(s) 

 Journal 

 Geographic Location(s) 

 Year 

Goal and Scope 

 Number of Scenarios 
 Comparative LCA 
 Functional Unit Type 
 Functional Unit 

 System Boundary 

 Substages Considered 
 Allocation Procedure 

 Type of LCA 

Inventory 
Analysis 

 Data Type 
 Data Quality Mention/Assessment 
 Foreground Data Source 

 Background Data Source 
 Data Sources 
 Databases 

Impact 

Assessment 

 LCA Software Used 

 Impact Assessment Method 
 Midpoint Environmental Indicators 

 Endpoint Environmental Indicators 

Interpretation 

 Sensitivity Analysis Conducted 

 Uncertainty Analysis Conducted 

 Predictive LCA Conducted 

Quality Proxy  Standards Followed 

 

3. Descriptive Analysis Results 

3.1. Articles Retrieved 

The SLR process resulted in a total of 1164 articles across all sectors over the last twenty years, as 

shown in Table 3. 
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Table 3: Numerical Summary of Articles Collected following SLR Process 

Database/Sector Cement Steel Glass Plastics Total 

SCOPUS 182 193 38 190 603 

EBSCO 51 63 23 18 155 

Web of Science 159 187 19 41 406 

Total 392 443 80 249 1164 

 

3.2. Bibliometric Analysis and Keyword Evaluation of Retrieved Articles 

In line with the developed SLR process, a bibliometric analysis was performed on the retrieved 

articles to ensure consistency across each sector of study as well as identify key meta-insights into 

each sector. Following guidelines established by Van Eck et al. [25] as well as experimentation, the 

author keyword co-occurrence parameter was set to a minimum of three and five occurrences per 

keyword as shown in Figure 3 and Figure 4 respectively. The color codes indicate clusters of 

keywords which are utilised together (i.e., the same keywords are used in different papers). Broadly, 

these are split into each sector of interest but there are some common clusters which are cross-

sector. These two maps denote a good alignment between the keywords returned from the SLR, 

and the subject areas of interest. Important keywords associated with the production of cement 

(concrete, Portland cement, and compression strength), steel (blast furnace, electric arc furnace, 

and iron and steel industry), glass (life cycle assessment, energy, and recycling), and plastics 

(plastics waste, bioplastics, and recycling) are seen. There is also good alignment with keywords 

emerging from circular economy and sustainable manufacturing practices (circular economy, 

sustainable innovation, waste management, and recycling). Furthermore, there are several 

keywords which have significant cross sector overlap including ‘life cycle assessment’, 

‘environmental impact’, and ‘sustainability’.  

3.3. Final Taxonomy 

Following the bibliometric analysis and keyword evaluation in section 3.2, a large number of 

duplicate, off-topic, non-compliant, and non-accessible articles were identified and removed. For 

this study, off-topic papers encompassed all articles that did not perform an LCA or were not 

relevant to the topic of sustainability studies. Non-compliant studies include studies that: 

1. Do not relate to the sector being considered.  

2. Do not evaluate production of the main product of the sector. 

3. Do not use LCA as the primary methodology to assess environmental impacts. 
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4. Are literature review studies that evaluate existing LCAs. 

Non-accessible articles include studies that could not be accessed or downloaded from their 

respective databases. This results in 256 unique articles for analysis which were compliant with the 

criteria and goals of this SLR. The article identification and retrieval flow chart is illustrated in Figure 

5.  

 

  

Figure 3: Author keyword co-occurrence map (minimum of 3), with cleaned keywords 
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Figure 4: Author keyword co-occurrence map (minimum of 5), with cleaned keywords 
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Figure 5: Numerical summary of articles collected following descriptive analysis process (dotted 

arrows represent number of papers removed during retrieval) 
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4. Results 

4.1. General Characteristics of Studies  

Year of Publication: As shown in Figure 6, the application of LCA methodology has been increasing 

since 2015. There has been a further sharp increase since 2020 which represents 46.5% of the total 

collected publications since 2003. This phenomenon is particularly visible in the cement and 

plastics sectors.  

 

Figure 6: Temporal Assessment summarizing LCA Publications from 2003 to 2023 

Geographic Location of Study: Figure 7 highlights the geographic locations evaluated in the studies 

assessed. It was determined that China is the country with the greatest number of LCA evaluations 

in the cement, plastics, and steel sectors, likely due to the large economic and industrial growth 

seen in recent decades [27]. However, glass LCA articles were more focused in Italy due to the 

importance of glass to the country’s economy [28]. The region with the largest number of scenario 

evaluations was Europe. Excluding studies in Europe that specified a specific country, 33 assessed 

studies opted to perform an LCA considering Europe as a generalized region; making use of 

Eurocentric databases such as Ecoinvent. This value includes studies that looked at European Union 

nations only, Europe, and Europe without Switzerland. In addition to regional evaluations, 11 

assessed studies utilised general global data.  
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Figure 7: Geographical locations considered for retrieved LCA studies 

4.2. Sectoral Characteristics 

Cement Sector: As the most commonly used construction binder, Portland cement was evaluated 

as a scenario in roughly 70% of evaluated studies. While this is the case, only 35% of studies assessed 

opted to exclusively evaluate Portland cement manufacturing by evaluating current ‘business as 

usual’ production processes utilising region specific data [29, 30]. Portland cement was often used 

as a base scenario to compare alternative cement types such as blended cements or alkali activated 

cements. Roughly 47% of studies assessed evaluated supplementary cementitious materials (SCMs) 

for use in blended cements at various substitution levels with fly ash, ground granulated blast 

furnace slags (GGBFS), and other natural pozzolans the being most assessed SCMs. Three of the 

selected studies opted to evaluate limestone calcined clay cement (LC³), as an alternative to 

blended cements using industrial wastes [31-33]. Approximately 10% of retrieved studies evaluated 

alkali activated cements, with sodium silicate being the alkali activator that was most selected. In 

addition to evaluating alternative low carbon cement alternatives, it was found that roughly 20% of 

studies opted to conduct a comparative LCA to assess the environmental impacts of utilising 

alternative fuel types including solid recovered fuel and liquid hazardous waste [34, 35]. With the 

calcination process requiring the largest fuel input, 22 of the studies assessed opted to evaluate the 

production of clinker as a scenario [36, 37]. In contrast, nine of the selected studies evaluated 

concrete production by furthering the system boundary to include aggregate and water 

consumption [38, 39].  
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Steel Sector: As the dominant steel production route, roughly 75% of assessed studies focused at 

least partially on blast furnace - basic oxygen furnace (BF-BOF) production. Of these assessed 

studies, 63% focused exclusively on the BF-BOF production route [40-42]. The remainder conducted 

a comparative study on multiple routes, including electric arc furnace production [43, 44]. The 

remaining assessed studies focused on the electric arc production route only [45]. A variety of iron 

and steel products were selected for the scope. Approximately 28% of all retrieved studies chose to 

focus on semi-finished products including crude steel [46], slab [47], and liquid steel [48]. The 

majority of assessed studies evaluated finished steel products including cold rolled coil [49], hot 

rolled coil [50], rebar [51], and hot rolled beams [52]. A number of retrieved studies focused 

specifically on intermediate products used within the BF-BOF production route including coke [53], 

cast iron [54], sinter [55], and iron ore pellets [56]. Whilst others chose to expand the system 

boundary further and study specialist types of steel products including stainless [57] and galvanized 

[58] steel. More recent studies tend to include additional scenarios which focus on reducing the 

environmental impact of production by using innovative technologies. This is across all production 

routes and includes the use of biomass [59], wood pellet fuel [60], scrap [48], carbon capture 

technologies [61, 62], and hydrogen fuel [63]. 

Glass Sector: Out of the seven papers retrieved, four papers focused exclusively on glass production 

[28, 64-66]. The remaining articles included a glass production LCA as part of a wider system 

boundary [67-69]. Hollow glass was researched in three papers, with two considering its production 

[28, 66] and one evaluating production and recycling [69]. Crystal glass was studied in two papers, 

and mainly focused on the production process [64, 65]. The remainder considered specialist glass 

including high pressure [67] and borosilicate [68] glass.   

Plastics Sector: More than 60% of assessed studies performed an LCA on fossil fuel-based plastics, 

whilst the remaining focused on understanding the potential of bioplastics as an alternative. 

Meanwhile, 10% of studies analyzed recycled polymers [70] and other recycling technologies [71]. 

The most common applications were found to be as feedstock (40%) [72], packaging material (30%) 

[73], and within modes of transportation (12%) [74]. Certain applications in agriculture [75], 

household appliances [76], and fashion [77], have received comparatively limited attention. Within 

Europe, it has been identified that polyethylene terephthalate and polypropylene are the most 

commonly used polymers despite their known adverse environmental impacts [78]. Therefore, 

these materials have become a focal point for LCA research with nearly half of assessed studies 

evaluating them. Limited investigations have been carried out into novel fiber reinforced plastics 
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[74, 79]. Roughly 68% of assessed studies performed a comparative analysis to evaluate 

environmental impact differences between virgin and sustainable plastic alternatives [75, 78].  

4.3. LCA Characteristics 

Table 4 summarises the application of the LCA framework across all assessed studies. A detailed 

analysis of each sector’s application of the LCA framework is presented in the following subsections. 

Table 4: Summary of LCA framework application across all assessed studies 

Goal and Scope 

Most commonly selected declared/functional 

unit type 

Mass-based declared 

unit 

Studies that considered the functionality of 

selected unit (%) 
23% 

Most commonly selected allocation procedure Did not specify/cut-off 

Most commonly selected system boundary Cradle-to-Gate 

LCA Type Process based LCA 

Inventory Analysis 

Studies that utilised primary data (%) 45% 

Studies that conducted a data quality 

assessment (%) 
5% 

Most commonly utilised database Ecoinvent 

Impact Assessment 

Most commonly utilised LCA software SimaPro 

Top 3 impact methods utilised CML, ReCiPe, IPCC 

Top 5 midpoint indicators assessed GWP, ODP, AP, EP, PM 

Studies that assessed endpoint categories (%) 20% 

Interpretation 

Studies that conducted a sensitivity analysis (%) 40% 

Studies conducted an uncertainty analysis (%) 17% 

Primary standard(s) followed ISO 14040, ISO 14044 

 

4.3.1. Goal and Scope 

4.3.1.1. Functional Unit 

A functional unit is defined as a “quantification of identified functions of a product” where the unit 

“provide(s) a reference to which the inputs and outputs are related” [11]. A properly defined 

functional unit is key when assessing the environmental impacts of a product throughout its whole 

life cycle. Alternatively, a declared unit can be used instead when the precise function of the 

material is unknown. A declared unit is defined as “a reference by which product, material, and 
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energy flows are normalized to produce data expressed on a common basis” [80]. As noted in 

Product Category Rules (PCR) 2019:14, a declared unit can be utilised instead of a functional unit for 

‘cradle-to-gate’ studies if “the product or material is physically integrated with other products 

during installation so they cannot be physically separated from them at end of life, the product or 

material is no longer identifiable at end of life as a result of a physical or chemical transformation 

process, and the product or material does not contain biogenic carbon” [81]. 

Cement Sector: The most selected functional unit type was found to be a mass-based unit. Over 

60% of assessed studies opted for this unit type, with roughly half selecting ‘one metric ton of 

clinker’ [82] or ‘one metric ton of cement or cement product’ [83, 84]. Studies that opted to evaluate 

the production of concrete typically selected a volume-based unit [85, 86]. These units, however, 

should be classified as declared units because the precise function of the cement product was not 

defined. In the retrieved studies, 50% reported using a functional unit despite the material’s 

function not being defined. Only 42% of assessed studies accounted for performance in 

comparative assessments evaluating more than one cement type [31, 87-89].  

Steel Sector: A mass-based unit was the most selected functional unit type, with approximately two 

thirds of assessed studies selecting ‘one metric ton of steel product’ (regardless of the eventual 

product) as the common unit of mass [60, 90, 91]. A number of assessed studies defined their 

functional unit specific to their data inventory [92, 93]. A single study selected a functional unit type 

relating to energy [94], whilst another selected a functional unit type relating to volume [95]. These 

studies have goals which are specifically related to understanding the environmental impact of 

energy and water consumption respectively. However, these units (mass, volume, and energy) 

should be classified as declared units because the precise function of the steel product was not 

defined. As a result, over 80% of retrieved studies reported using a functional unit despite not 

defining the material’s function.  

Glass Sector: The most common functional unit selected was a mass-based unit, with most selecting 

‘one kilogram’ of glass produced as the unit of mass. Vinci et al. [28] opted to include a time variable. 

The remaining two articles did not directly define glass as the assessed product, but still primarily 

focused on glass production [67, 68]. 

Plastics Sector: More than 65% of the retrieved studies were found to use mass-based units, 

choosing either ‘one kilogram’ or ‘one metric ton of polymer product(s)’ [96]. Additionally, of the 

retrieved studies, 14% selected a length unit [97] and 11% selected a volume unit [98]. Furthermore, 

10% evaluated mechanical performance, such as carrying capacity, as their functional unit [99]. 
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However, one study chose three different declared units due to the challenges of determining a 

functional unit for their multifunctional product [71]. It was observed that declared units were often 

selected but were frequently regarded as functional units [100]. 

4.3.1.2. System Boundary 

A system boundary defines which aspects of a product’s life cycle will be included and excluded in 

the analysis [11]. There are four main system boundaries that can be considered. The first is ‘cradle-

to-gate’, which considers the extraction of any raw materials, the manufacturing process of the 

product, and any material or product transportation. PCR 2019:14 defines ‘cradle-to-gate’ as five 

distinct stages which includes extraction of raw materials [A1], transportation to manufacturing 

[A2], product manufacturing [A3], transportation to building site [A4] and construction site process 

[A5] [81]. The second is ‘gate-to-gate’, which assesses the environmental impacts at the product 

manufacturing stage (denoted as [A3] for construction products). The third is ‘cradle-to-grave’, 

which extends the system boundary to also include the use ([B1-B7] for construction products) and 

end of life ([C1-C4] for construction products) of a given product. The last is ‘cradle-to-cradle’ which 

defines the system boundary as a complete circle by reusing material at the ‘end-of-life’ stage.  

Cement Sector: The most commonly selected system boundary is ‘cradle-to-gate’, as selected by 

95% of assessed studies. This is likely due the material’s product stage accounting for the largest 

environmental impact [101]. Some studies provide justification for this system boundary selection 

by assuming that the ‘use’ and ‘end-of-life’ phase would be similar for any cement mixes analyzed 

[102]. However, the definition of ‘cradle-to-gate’ changed based on the scope of the study. Most 

retrieved studies opted to evaluate the [A1-A3] stages of ‘cradle-to-gate’ but some did not include 

the product packaging stage found in [A3] [103, 104], and others opted to not include [A2] [105]. 

Even fewer considered the final two ‘cradle-to-gate’ stages, [A4] and [A5]. Two of the retrieved 

studies that did evaluate these stages assessed the impacts of concrete production [39, 106]. By 

including all stages of the ‘cradle-to-gate’ system boundary, a more holistic view can be presented. 

‘Cradle-to-grave’ or ‘cradle-to-cradle’ is typically not considered due to the complexity of 

determining the ‘use’ and ‘end-of-life’ as reflected in less than 4% of the assessed studies.  

Steel Sector: Approximately 75% of retrieved studies selected a ‘cradle-to-gate’ system boundary, 

with most opting to evaluate the [A1-A3] stages [41, 107]. Others chose not to include [A2] to avoid 

double counting within their model [108] and due to the effects regionalization [109]. Furthermore, 

one study chose to exclude both [A1] and [A2] due to the type of LCA model utilised [110]. None of 

the retrieved studies elected to evaluate the [A4] and [A5] stages of ‘cradle-to-gate’, likely due to the 
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site specific nature of these stages [59] and the perceived relatively low impact [108]. Roughly 15% 

of evaluated studies selected the ‘gate-to-gate’ boundary type. This was often chosen when the 

study had a goal related to a specific aspect of the production process [48, 111]. Only 6% of assessed 

studies elected to evaluate a ‘cradle-to-grave’ or ‘cradle-to-cradle’ boundary type, often to explore 

novel solutions to reduce environmental impact through increased scrap inclusion [112] and carbon 

capture technologies [113]. 

Glass Sector: Three studies selected a ‘cradle-to-gate’ system boundary [64, 67, 68], however only 

one study explicitly included transportation of raw materials to the manufacturing location [64]. 

Two studies opted to extend the system boundary to include the ‘use’ and ‘end-of-life’ stages [65, 

66]. Another study extended this boundary further by including recycling and an analysis of the 

circular economy [69]. The remaining study did not specify a system boundary, but the study scope 

implies that a strict ‘gate-to-gate’ analysis was selected [28]. 

Plastics Sector: Roughly 47% of retrieved studies adopted a ‘cradle-to-gate’ system boundary [114, 

115], while 40% selected the extended ‘cradle-to-grave’ boundary [116, 117]. Only one study 

explored the ‘cradle-to-cradle’ perspective, emphasizing the potential for recycling and waste 

valorization [78]. In contrast, five studies selected a ‘gate-to-gate’ system boundary to examine 

specific manufacturing phases [71, 118]. Six other studies employed a ‘gate-to-grave’ boundary, 

which includes manufacturing and disposal phases [119, 120]. Additionally, three studies left the 

system boundary unspecified [121-123]. Four studies explored more than a single system boundary 

(e.g., ‘cradle-to-gate’ and ‘cradle-to-grave’) [71, 78, 124, 125]. 

4.3.1.3. Allocation 

Allocation is defined as “partitioning the input or output flows of a process or a product system 

between the product system under study and one or more other product systems” [11]. Although 

ISO 14040 does not specify a specific procedure for allocation, it does note that allocation through 

system expansion and avoided burden should be avoided when possible. Instead, it is best to 

allocate based on physical (e.g., mass) or non-physical (e.g., economic) relationships [13]. The 

benefit of using a mass allocation procedure is that the value typically remains constant over time, 

with change only occurring if the product’s production process is significantly improved due to 

technological changes. However, problems may occur if the mass of the by-product being 

considered is greater than that of the main product. While an economic allocation procedure can 

take into account the value and therefore the demand of the product being considered, price 

fluctuations may render the results inaccurate in the future [126].   
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Cement Sector: Careful consideration must be made for the allocation of SCMs such as GGBFS, fly 

ash, and other industrial waste materials. Traditionally, these materials have been classified as 

waste products despite their increased demand within the cement sector. Since 2008 however, BFS 

has been considered a by-product within the European region [127, 128]. If an industrial waste 

material is no longer considered a waste product, the environmental impacts associated with it 

must be considered. It was found that out of the 48 retrieved studies that examined the use of 

industrial waste materials for use in low carbon cements, over half did not specify an allocation 

procedure to account for the environmental impacts to the material’s production. When an 

allocation procedure was specified, economic allocation was most often used [129, 130]. The same 

number of studies opted to evaluate both mass and economic allocation procedures [131, 132]. 

Additional allocation procedures that were considered for industrial wastes include avoided burden 

[85], energy [39], and impacts [133]. 

Steel Sector: The majority of retrieved studies did not specify an allocation procedure used [90, 134, 

135] despite the importance of correctly allocating the impact of the several intermediate products 

produced during the steel production process (e.g., BFS) [136]. Five different allocation procedures 

were used by the remaining studies: system expansion [94], avoided burden [137], mass [51], energy 

[138], and economic [138]. The allocation procedure selected varies significantly between studies 

but is typically influenced by the goal of the study. There appears to be no consensus on which 

allocation procedure to use, and this can have an impact on the study result.  

Glass Sector: Despite the production of potential by-products, allocation procedures were not 

applied in any of the retrieved studies.  

Plastics Sector: More than half of all retrieved studies did not specify the use of any allocation 

procedure. When used however, it was found that allocation based on physical relationships (e.g., 

energy and mass) was selected in 30% of studies [71, 139]. Other allocation procedures were used 

including system expansion [140, 141] and economic [142].   

4.3.2. Inventory Analysis  

The inventory analysis step of an LCA evaluates the flow of energy, emissions, and matter across a 

defined system boundary by creating a life cycle inventory [12]. There are three main LCA 

methodologies that influence how a life cycle inventory is created: process-based, economic input-

output (E-IO), and hybrid [143]. The process-based methodology is based on the physical flows 

present within a system boundary. The E-IO method evaluates a material’s environmental impacts 



 

79 

 

based on economic flows between sectors within a product’s supply chain. The hybrid LCA 

methodology is a combination of the process-based and E-IO methodologies [144]. 

4.3.2.1. Type of LCA 

Cement Sector: The process-based methodology was found to be the most commonly used [130]. 

Three of the assessed studies selected the E-IO method [27, 145, 146]. The hybrid methodology was 

conducted in two of the retrieved studies, with one evaluating production in China [147] and the 

other in Australia [129]. The implementation of the process-based approach across most papers is 

in line with the research questions presented which focus on process specific evaluations.  

Steel Sector: Roughly 88% of studies assessed selected the process-based method [148], with a 

small number taking a E-IO [95] or hybrid approach [149]. Given the focus on material production, 

this is to be expected. However, it does highlight that it is uncommon for material level analysis to 

be conducted using novel LCA methodologies. 

Glass Sector: All retrieved studies utilised a process-based methodology, highlighting a potential 

research gap to utilize novel LCA methodologies [66]. 

Plastics Sector:  The process-based methodology was predominantly selected in the retrieved 

studies [150, 151]. Two studies performed a hybrid LCA to evaluate the wider environmental impacts 

of the assessed product [152, 153]. 

4.3.2.2. Data Source  

Data sources for LCA studies can be split into two different categories: primary and secondary. 

Primary data is data collected by the LCA practitioner from either industry or laboratory testing. 

Secondary data is obtained through publicly available databases, existing publications, or other 

sources.  

Cement Sector: It was found that approximately 43% of retrieved studies utilised primary data 

sources. A majority of these studies were transparent about where the primary data was obtained, 

but some noted that the data was confidential and therefore could not be detailed [30, 154, 155]. 

Only a small number of retrieved studies utilised primary data exclusively [82, 104], with most 

opting to use a combination of both primary and secondary data sources [156, 157]. Secondary data 

sources were used in some form in over half of all assessed studies, with roughly 57% relying on 

solely secondary data [158, 159]. Some of the most widely used databases were found to be 
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Ecoinvent [160], GaBi [86], European Reference Life Cycle Database [161], United States Life Cycle 

Inventory [35], and Chinese Life Cycle Database [130].  

Steel Sector: Approximately half of retrieved studies utilised primary data sources. A small number 

of these have detailed the source, which includes major manufacturers such as Corus [53], 

ArcelorMittal [93], and ThyssenKrupp [136]. However, most studies that reported using a primary 

data source do not specify the supplier. Most of the assessed studies supplement their foreground 

data with secondary data, typically from studies or publicly accessible database sources [55, 108, 

138]. The remaining studies made use of this secondary data only [162]. A wide range of databases 

have been used including Ecoinvent [51], WorldSteel [163], GaBi [164], and DEAM [137]. 

Glass Sector: Only one study relied solely on primary data due its specific ‘gate-to-gate’ system 

boundary selection [28]. Five studies supplemented the collected primary data with secondary data 

sources [64-68], while the remaining study opted to use only secondary data [69]. The transparency 

of primary data collected varied across the retrieved studies, with Pulselli et al. [65] providing the 

most detailed primary data inventory despite the study’s need to exclude certain data values for 

confidentiality reasons.  A number of databases were utilised including Ecoinvent [66], 

Environmental Development of Industrial Products [64], and European Reference Life Cycle 

Database [69]. 

Plastics Sector: Approximately 60% of the retrieved studies utilised primary data obtained from 

experimental works [118] or directly from plastic industries [165]. A number of these studies 

supplemented this data with secondary data from databases such as Ecoinvent [166], GaBi [122], 

European Reference Life Cycle Database [167], and Chinese Life Cycle Database [168]. A third of 

assessed studies relied solely on secondary data [169].  

4.3.2.3. Software  

Cement Sector: SimaPro was found to be the most utilised software package with nearly half of all 

retrieved studies opting to use it [170, 171]. The second and third most used software were found to 

be GaBi [172, 173] and OpenLCA [174, 175]. Roughly a quarter of studies did not specify a specific 

software package [147, 176], however it is likely that many of these studies opted to perform 

calculations in Excel or in custom software [160, 177].  

Steel Sector: Approximately 45% of retrieved studies utilised either SimaPro [41, 107] or GaBi [61, 

178]. However, a similar number used an unspecified software package [44]. How the results were 

presented in some assessed studies means that the software used could be deduced, but this 
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finding would also suggest a significant number used custom solutions. The remainder of studies 

used a variety of software packages including OpenLCA [56, 179]. 

Glass Sector: In six of the seven retrieved studies, there was an even split between the GaBi [64-66] 

and SimaPro [28, 67, 68] software packages. The remaining article opted to select OpenLCA for their 

analysis [69]. 

Plastics Sector: SimaPro was found to be the most utilised software package with 35% opting to use 

it [180]. The second and third most commonly used software packages were found to be GaBi [79] 

and OpenLCA [181]. Other software selections include Excel [182] and Thinkstep Professional [183]. 

About 10% of retrieved studies did not specify a specific software package [184]. 

4.3.3. Impact Assessment  

Life cycle impact assessment is defined as the stage at which the “magnitude and significance of the 

potential environmental impacts for a product system” are evaluated throughout the entire life 

cycle of a product [11]. At this step, the impact categories, category indicators, and characterization 

models are selected.  

Cement Sector: It was determined that Centrum voor Milieukunde Leiden (CML) was the most often 

selected impact assessment methodology, with 33 of the retrieved studies selecting this method 

[83, 131, 155]. The second and third most utilised methodologies were found to be 

Intergovernmental Panel on Climate Change (IPCC) [32, 185] and ReCiPe [29, 186]. A number of 

studies opted to select more than one impact assessment methodology to consider a wider range 

of impact categories [187] or for sensitivity analysis purposes [147]. Less than 13% of retrieved 

studies did not specify an impact assessment methodology [174, 188]. The most common midpoint 

indicator reported was global warming potential (GWP), with nearly every study reporting this 

indicator. The second most reported midpoint indicator was found to be ozone depletion potential 

with over half of all retrieved studies evaluating this category. Other common midpoint categories 

that were reported include acidification potential, photochemical oxidation potential, 

eutrophication potential, and terrestrial ecotoxicity. Endpoint indicators were reported in only a 

fifth of all retrieved studies, with human health, resources, and ecosystem quality being the most 

reported categories. To assess endpoint categories, it was concluded that Eco-Indicator [36, 132] 

and IMPACT [189, 190] were most commonly selected.  

Steel Sector: There is a near-even (approximately 20% each) split between the ReCiPe [54], IPCC 

[191], and CML [45] impact methodologies in the retrieved studies. These were occasionally used in 
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combination with each other [40, 178, 192]. Other impact methodologies utilised include 

International Reference Life Cycle Database [41], IMPACT [47], Eco-indicator [52], cumulative energy 

demand [193], and water footprint [194]. However, nearly a quarter of all retrieved studies did not 

specify an impact methodology [109, 113, 195]. Studies which used the IPCC and CML 

methodologies tend to focus heavily on GWP, with over 70% reporting this. In contrast, a majority 

of assessed studies which used the ReCiPe methodology reported all of the midpoint indicators 

available [196]. Aside from GWP, the most common midpoint indicators reported were particulate 

matter formation, eutrophication potential, and acidification potential. Regardless of impact 

methodology, only 12% of retrieved studies reported an endpoint indicator result [58, 60, 179]. The 

most common endpoint indicators reported were human health, ecosystem quality, and resources. 

All but two of these studies used the ReCiPe methodology to do this [49, 51]. 

Glass Sector: The CML impact assessment methodology was selected in five of the seven retrieved 

studies. In addition to CML, one study opted to also use the ecological scarcity method [69]. The 

remaining studies selected other methodologies including ReCiPe [28], IPCC [67], and cumulative 

energy demand [67]. The most frequently assessed midpoint indicators were GWP, acidification 

potential, eutrophication potential, ozone depletion potential, and photochemical oxidation 

potential. Only one article opted to calculate endpoint indicators, with human health, ecosystem 

quality, resources, and climate change being assessed [28]. 

Plastics Sector: Among the retrieved studies, ReCiPe was found to be the most often selected impact 

assessment method with approximately 19% of the studies utilising this method [152, 197]. CML 

was found to be the second most used method [72]. However, around 14% of assessed studies 

employed a mixed-methodology approach, indicating a preference for combining various methods 

to comprehensively evaluate environmental impacts [114, 142]. Less than 5% of retrieved studies 

did not specify the impact methodology [198, 199]. The most commonly assessed impact indicator 

was found to be GWP [167, 200]. Other reported indicators include freshwater ecotoxicity, 

particulate matter formation, terrestrial acidification potential. Only 20% of evaluated studies 

considered endpoint indicators, with the most evaluated categories being human health, 

ecosystem quality, and resources. To calculate these indicators, ReCiPe was found to be the impact 

assessment method typically selected [201]. 

4.3.4. Interpretation  

ISO 14044 standard specifies two main interpretation checks that should be conducted [13]. The 

first check is a sensitivity analysis which is used to test the accuracy of a result by altering 
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assumptions defined in the goal and scope. A second check is an uncertainty analysis which verifies 

if the data collected is relevant and accurate. This is typically done using a Monte Carlo analysis 

method. The Monte Carlo method is a probabilistic method to model intricate systems and assess 

uncertainties by simulating numerous scenario analysis [202]. A third analysis type that can be 

considered to evaluate possible future scenarios for a given material process is a scenario analysis. 

This can be done through the theoretical implementation of novel changes to a product’s 

manufacturing processes [26]. Once the interpretation step is completed, conclusions from the 

results can be drawn and recommendations can be made.  

Cement Sector: It was found that roughly 40% of the retrieved studies opted to conduct a sensitivity 

analysis. The most common sensitivity analysis performed in these studies involved altering key 

input data parameters (most notably transportation distance) by 5-20% [173, 203]. Altering the 

allocation procedure was also a common sensitivity analysis check for studies that evaluated by-

products for use in low carbon cements [131, 204]. Only 11 studies opted to perform an uncertainty 

analysis [89], with Monte Carlo simulation being the most used evaluation method [205, 206]. Only 

eight studies conducted both a sensitivity and uncertainty analysis as part of the study [129, 187, 

206] 

Steel Sector: Only a quarter of retrieved studies reported completing a sensitivity analysis. The most 

common method of completing this was by altering the input parameters and reporting the effects 

on the results. There is no consensus for a standard approach to this, with studies altering 

parameters by 5% [58], 10% [51], and 20% [207]. Roughly 20% of assessed studies completed an 

uncertainty analysis, with Monte Carlo simulations being the most common method [192, 208]. Less 

than 8% of retrieved studies elected to complete both interpretation checks, with frequency 

increasing in more recent studies [58, 209].   

Glass Sector: Three of the seven studies opted to perform a sensitivity analysis, despite the studies 

not referring to it as such. Methods included changing input parameters such as the amount of 

recycled glass present in a batch [66, 69] and transportation distance [69]. One study provided the 

most comprehensive sensitivity analysis by evaluating geographical, economic, and technological 

parameters such as the amount of energy consumed, process efficiency, and plant life span [67]. 

None of the retrieved studies performed an uncertainty analysis.  

Plastics Sector: It was found that more than half of the retrieved studies conducted a sensitivity 

analysis [97, 210]. Approximately 26% of studies performed an uncertainty analysis with Monte 
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Carlo simulation being the most commonly selected method [211]. Roughly 19% of the retrieved 

studies conducted both a sensitivity and uncertainty analysis [169, 212].   

5. Discussion 

5.1. LCA Cross Sector Comparisons 

5.1.1. Goal and Scope 

Across the sectors investigated, in the majority of cases, the terminology relating to functional and 

declared units is being inconsistently used. This means that the performance of materials is not 

being accounted for when the functional unit is defined. In the retrieved studies, over two thirds 

reported using a functional unit without considering the mechanical properties that affect a 

product’s function. As such, a declared unit should be used to describe the assessed product more 

accurately. While the use of either unit type can be justified, it is important to distinguish the 

difference between these terms as it can have a direct impact on the results of a study. This is 

particularly true in cases where functional equivalence must be taken into consideration when 

conducting a comparative analysis between two or more products [172]. Ultimately, differences 

between studies, even at this fundamental level, may limit the understanding gained by conducting 

an LCA. Thus, greater focus needs to be placed on how the units are identified and defined. This can 

only be done through an objective comparison on the basis of functionality by the use of a properly 

defined functional unit. As noted, alternatively, a declared unit can be implemented when the 

material properties or the function is not affected or known. 

A good example of the challenge that comes with defining material functionality is found within the 

cement sector. Using a blended cement mix or an alkali activated cement can result in performance 

differences (most notably compressive strength) when compared to Portland cement alone [213, 

214]. This illustrates the clear mechanical property differences that should be accounted for when 

conducting an LCA. When considering compressive strength differences in comparative 

assessments, most studies opted to use a strength ratio modification based on measured 

compressive strength to normalize environmental impacts [158, 189]. Aside from compressive 

strength, other parameters that have been selected to evaluate cement functionality include rapid 

chloride permeability and service life [215]. Some studies opted to define their functional unit by 

using a combination of parameters to provide a more holistic definition of cement functionality 

[172, 216]. This type of functional unit is particularly relevant when evaluating the environmental 

impact of a specific structural element that requires a certain mechanical strength and defined 

service life [217]. An approach like this is not seen in any of the other sectors, despite an intrinsic 
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link between material function and properties. Within the steel sector, this could be defined by the 

mechanical properties or by considering a specific product function, such as the wear resistance of 

rail steels. Similarly, in the glass sector, the mechanical properties of specific products are critical 

depending on application, and therefore must be considered within the functional unit. Likewise, 

defining a functional unit for plastic products is a complex task due to the wide range of potential 

applications. As a result, declared units are typically favored over more complex functional units 

that define performance. Ultimately, this highlights that environmental impact is influenced by 

material function, which could produce different environmental impact results when assessed 

beyond a ‘cradle-to-gate’ system boundary. 

It was found in all retrieved studies the most commonly selected system boundary was ‘cradle-to-

gate’. Typically, data availability for ‘cradle-to-gate’ is more abundant and reliable compared to 

data in downstream stages such as ‘use’ and ‘end-of-life’. Furthermore, this system boundary 

enables a direct comparison of the environmental impact of different products or materials at the 

manufacturing phase. This is valuable for industries seeking to identify hotspots, trade-offs, and 

opportunities for improvement to make informed decisions about their processes and materials. 

While this is the case, there is a notable lack of studies that extend the system boundary. However, 

within the plastics industry, the ‘cradle-to-grave’ boundary is often evaluated due to more prevalent 

circular economy practices. Despite this, there is a clear need for studies that provide a greater 

holistic view across the entirety of a material’s life cycle to understand the full environmental 

impacts of a product. Evaluating a product that is ultimately used in a variety of applications with 

different requirements is challenging unless the study scope and functional unit is very specific [84, 

204]. For example, with the primary function of cement being the main ingredient in concrete, 

carbon uptake of concrete structures due to carbonation would need to be assessed in the ‘use’ and 

‘end-of-life’ stages. While this aspect can be used to reduce concrete’s carbon footprint, the life 

span, concrete strength, and post demolition time all have to be considered as they directly impact 

the amount of carbon dioxide uptake that can occur [218]. Similarly, it is difficult to generalize the 

use of steel as a product due to the variety of potential downstream uses (either as a feedstock, 

semi-finished, or finished product). This results in a complex boundary that is difficult to define 

unless a specific product is being evaluated.  

There is also a clear challenge on how to tackle allocation, with a variety of procedures used within 

each sector. The most interesting exponent of this, despite the intrinsic link between them, is in the 

steel and cement sectors through the production of BFS as a by-product and the use of GGBFS to 

create blended cements respectively. There is no clear consensus on how BFS (as well as other by-
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products) should be allocated. This means that both sectors are sometimes allocating 

environmental impacts within their system boundary, and sometimes outside of it. When allocation 

was considered, it was found that the cement sector most often utilised economic allocation and 

the steel sector utilised mass allocation. However, in the glass and plastics sectors, allocation of by-

products is rarely considered. This makes current cross-sector comparison challenging and means 

technological advances cannot be properly assessed. This contradicts the core principles of LCA.  

5.1.2. Inventory Analysis 

A common thread between studies across each sector is the frequent utilization of the same two 

basic methodologies: process-based and E-IO. These are both common but have known limitations. 

Process-based LCAs can be conducted using a process flow, or through a matrix method [219]. This 

works well for a simple product system, but industrial processes tend to have multiple input and 

output streams. In this case, the allocation of material flow becomes a challenge due to the large 

amount of data required to fully satisfy the system boundary. Consequently, the method is known 

to suffer from error truncation, which can hamper long term decisions for policy making or 

comparative assessments [143]. E-IO was devised to counter these issues by considering the whole 

product supply chain within an economy [220]. However, this can suffer from detail limitations due 

to the scale of data [221] required and the fact that E-IO datasets are not regularly updated [143]. A 

small number of studies within each sector have understood these limitations and made use of 

more novel techniques such as hybrid methodology. These may provide a more holistic view on the 

material’s environmental impacts through the evaluation of a wider system boundary. The reasons 

for this limited uptake could be numerous but is likely due to a lack of method standardization 

beyond detailed academic studies and limitations presented by the software found to be most 

commonly used [144, 222].  

Across all retrieved studies, there is a mixture of reported data sources. Less than half reported using 

primary data, with only a small group reporting the data supplier. However, the majority did not 

include this information, often citing data security concerns. It was also found that raw data is often 

not published; however, this trend is reversing in recent years with a move toward open access 

publication [223]. This means there is a concerning lack of transparent primary data being used in 

studies which are important levers for decision making toward industrial decarbonisation. As noted, 

many studies also utilize secondary data. However, it is a known issue that large databases are not 

kept up to date which could create additional issues with study comparison and validation [224].  
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The quality and accuracy of an LCA is directly related to the quality of the data collected. However, 

most of the retrieved studies struggled to demonstrate sufficient, objective quality checks on their 

data; and in most cases, do not mention it at all.  In ISO 14044, specific requirements are outlined in 

regard to data quality, particularly studies that are publicly released and used in comparative 

assertions. Quality checks are designed to classify data sources based on the relevance and 

reliability of data and to better understand the uncertainty created by using certain types of data. 

This includes assessing the time period, geographical coverage, technological coverage, 

consistency, and reproducibility of the data used in an LCA study among other data quality checks 

[13, 141]. In the cement sector, only a fifth of the evaluated studies explicitly mentioned the 

importance of data quality or conducted a qualitative data quality assessment. A small number 

opted to extend this evaluation further by conducting a quantitative data quality assessment such 

as conducting a pedigree matrix evaluation [172, 206]. Similarly, in the steel sector, a quarter of 

studies mentioned the issue of data quality [42, 162]. However, only a fifth of these studies opted to 

complete a full data quality assessment but typically only using qualitative techniques [40]. Despite 

the noted importance, a data quality assessment was not conducted in any retrieved glass sector 

studies. In the plastics sector, roughly 18% of retrieved studies explicitly mentioned data quality, 

with a small percentage performing a formal data quality assessment utilising a pedigree matrix 

[116, 141, 169]. As a result, the majority of data is being left unscrutinized. Inevitably, this leaves 

uncertainty over the reliability of some data (both primary and secondary). This is particularly true 

within studies which focus exclusively on production sites [41, 65, 104] that should otherwise be the 

example case for the open publication of data. This issue limits how LCA methods can be used to 

make informed decisions about the impacts of different technologies and processes. It is important 

for studies to prioritize data transparency when possible and assess the reliability and credibility of 

all data sources to ensure accurate findings.  

5.1.3. Impact Assessment 

Across the retrieved studies, the most utilised impact assessment methodologies were CML, IPCC, 

and ReCiPe. Some studies elected to use a combination of methodologies to satisfy their study 

goals. However, there are technical differences between each methodology [23, 225]. One study 

opted to directly compare different methodologies and assess the outcomes as part of a sensitivity 

analysis, and found that the results were very similar across all categories included [147]. This 

suggests that the reason behind choosing a particular methodology is often practitioner driven, and 

typically only down to meeting study goals. There were also a wide variety of midpoint impact 

assessment categories evaluated, the most common being GWP. A number of retrieved studies 
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chose to only report categories directly related to climate change, which could be down to an 

absence standardization [226]. Other common categories varied depending on the sector; for 

example, the cement, steel, and glass sectors often assessed acidification potential and 

eutrophication potential, whereas the plastics sector typically assessed freshwater ecotoxicity 

potential and terrestrial acidification potential. Furthermore, there are two distinct methods of 

reporting these results: through graphs or numerical values. The latter of these is much clearer but 

is less common. There is also discussion about how each methodology employs distinct 

characterization factors to convert emissions or resource use into single scores [227]. These factors 

are often derived from different scientific models, databases, and assumptions, which leads to 

differences in single score values for the same processes [228]. Although each of these issues is often 

down to the sector and study goals, this level of variation in category and reporting choice can make 

comparative assertions between studies challenging. Furthermore, only a fifth of retrieved studies 

reported an endpoint impact assessment category. Although midpoint categories are typically 

more detailed and therefore have a lower overall uncertainty associated with them [229, 230], 

endpoint categories are crucial to making long-term decisions about product processes. The most 

common methodologies used to report endpoint categories were Eco-Indicator, IMPACT, and 

ReCiPe; meaning that some studies changed methodologies between midpoint and endpoint.  

5.1.4. Interpretation 

Most retrieved studies only completed a variation of qualitative interpretation. That is, making 

comments on the results found without the associated statistical error and uncertainty. Less than 

half of all retrieved studies completed a sensitivity analysis which is critical in understanding the 

accuracy of the results. Even fewer completed an uncertainty analysis which should be used to 

understand the potential errors in input data. The lack of implementation of these key requirements 

is concerning. This stage is critical to not only verify that the results align with the defined goal and 

scope, but also to identify and correct any mistakes. The limited implementation of this stage across 

all sectors suggests that all sectors are facing the same challenges with fully implementing the 

interpretation step. In addition, it was determined that only a fifth of all retrieved studies opted to 

evaluate future scenarios by conducting a predictive LCA [148, 182, 231]. This LCA approach should 

be examined more thoroughly as industrial decarbonisation becomes critical.  

5.1.5. Standards 

Many retrieved studies reported using an LCA related standard; typically, either ISO 14040 [11] 

and/or ISO 14044 [13]. As mentioned, despite this good level of ‘on the surface’ compliance with the 



 

89 

 

existing framework, a significant number of these studies do not fully follow the standardized 

methodology. Concerningly, a quarter of all retrieved studies reported using either an unnamed 

standard or do not mention a standard at all. This mixture of standard compliance, standard use, 

and underreporting of standard utilization means that cross-sector comparison is stifled at a 

fundamental level.  

Observing how LCAs are conducted in academia compared to industry further highlights key 

differences in the implementation of the standardized methodology. LCAs created for industry are 

required to follow a strict set of guidelines to publish the findings as an Environmental Product 

Declaration (EPD). Environmental Product Declarations are published in accordance with ISO 14040 

[11] in addition to PCRs [81] which provide guidelines for each product category. A rigorous third-

party review by experts is also required for certification. These requirements, which are notably 

absent in academically published LCAs, illustrate the lack of robustness present in established 

practices. Only two retrieved studies followed PCR guidelines [66, 232]. There are efforts to 

harmonize academic and industrial frameworks. For example, the Partnership for Carbon 

Transparency (PACT) Pathfinder Framework attempts to integrate existing standards and 

guidelines to enhance several key criteria including data quality indicators, emission calculation 

methods, allocation procedures, and decarbonisation incentives [233]. It is critical that harmonized 

approaches continue to be pursued within the LCA community to enable effective and transparent 

LCA studies. 

5.2. Study Limitations  

Whilst the retrieved articles provide a comprehensive review of the energy-intensive sectors of 

interest, there are limitations within the methodology which may influence the outcome of the 

study. Achieving a keyword string which is both general yet specific is challenging, and the 

boundaries chosen may have artificially limited study retrieval; however, the large number of 

relevant studies accessed would suggest that any artificial limitation on study retrieval is not 

substantial. While this is the case, it should be noted that there were significantly fewer studies 

retrieved from Africa and some parts of Asia, likely due to a lack of accessible literature available 

from those regions that focused on the chosen energy-intensive sectors. As a result, a bias towards 

studies conducted on western, industrialized nations is apparent. Similarly, the search criteria 

deliberately limited results to only peer-reviewed journal articles given the large quantity of studies 

available, and the need to focus on high quality, peer-reviewed research. However, this was 

observed to be a particular limitation in regard to retrieval of studies focused on the glass sector, 
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and had this criterion not been included, the resulting search criteria may have resulted in more 

studies for analysis. Furthermore, analysis of the chemical sector was restricted to studies related 

to plastics. Although a significant portion of the chemical sector is dedicated to plastic production, 

there are several other product areas which would benefit from detailed analysis. Future research 

can expand on not just these sectors but also other energy intensive sectors such as paper, 

ceramics, and other metals.  As noted within the methodology, this study deliberately excludes the 

analysis of impact category values. Although outside the scope of this research, analysis of impact 

category values would allow future studies to be benchmarked against a wide selection of literature 

from each energy-intensive industry. 

6. Conclusion 

This study investigated the implementation of LCA methodology across four, key global energy 

intensive industries: cement, steel, glass and plastics. An SLR methodology was implemented using 

a novel keyword string. The challenge of generating a string that captured a wide range of keywords 

was solved through the use of sector specific terms. This string enabled cross-sector retrieval of 

studies specifically focused on production of materials within the aforementioned sectors. 

Following this, studies were objectively inspected through a bibliometric analysis using VOSviewer. 

Studies that were duplicate, off topic, non-compliant, and non-accessible were removed. The final 

taxonomy yielded 256 unique journal articles for further analysis. 

The findings revealed significant contrast across the four sectors and the implementation of the 

standardized LCA methodology: 

 Goal and Scope: A declared unit of mass was most commonly selected; however, this unit 

was often incorrectly labeled as a functional unit. Despite being a key aspect of material 

performance, functionality was rarely defined as part of the functional unit. ‘Cradle-to-gate’ 

was the most commonly used type of system boundary. When an allocation procedure was 

selected for a by-product, it was found that the steel sector most often used mass allocation 

and the cement sector frequently selected economic allocation. In the remaining sectors, 

an allocation procedure was typically not specified.  

 Inventory Analysis: The process-based method was the most commonly employed LCA type 

to create a life cycle inventory. Several retrieved studies in each sector did elect to use 

alternative methodologies including E-IO and hybrid. Primary data sources were used by 

approximately half of all retrieved studies. However, most either wholly or partially relied 

on secondary data. Nearly all assessed studies utilised an industry standard software 
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package, typically SimaPro or GaBi. The number of retrieved studies that carried out data 

quality checks were significantly limited. Among the few that did assess the quality of their 

data, the pedigree matrix emerged as the preferred method. 

 Impact Assessment: Impact assessments were completed by all assessed studies. A range 

of methodologies were used to report midpoint indicators, such as CML, IPCC, and ReCiPe. 

A diverse range of impact assessment categories have been reported within the retrieved 

studies. Only a fifth of assessed studies calculated an endpoint indicator. The lack of 

uniform reporting (in terms of methodology, category, and style) makes comparative 

assertions difficult.  

 Interpretation: Less than half of retrieved studies elected to conduct a sensitivity or 

uncertainty analysis. Many qualitative and quantitative approaches were taken, with no 

clear consensus on how to complete either interpretation stage. 

Ultimately these findings show that a consistent approach to meet the existing LCA standards is 

lacking. While this study focused on the cement, steel, glass, and plastics sectors, it is expected that 

this lack of consistency will be similar in other industrial sectors. Therefore, key recommendations 

are outlined which will allow for greater transparency and comparative value for future LCA studies 

across all industrial sectors and products: 

1. Although different functional unit types are appropriate under the right circumstances, they 

must be properly defined. This is imperative in comparative assertions; therefore, this 

aspect of ISO 14040 should be very rigorously observed when conducting a study.  

2. It has been identified that allocation procedures for by-products used in two or more sectors 

should be intrinsically linked. This influences how and where some product impacts are 

attributed. Therefore, LCA practitioners must seek to properly allocate by-products in a 

consistent manner; particularly where products enter the life cycle of another product.  

3. The majority of studies in energy intensive industries are likely to be focusing on a 

production site, therefore making use of the ‘cradle-to-gate’ boundary. As the importance 

of the circular economy principle grows, a ‘cradle-to-cradle’ system boundary would 

provide a more holistic view of a product’s life cycle. 

4. It is clear that energy intensive industries have not always worked synergistically, despite 

the benefits of systems symbiosis; likely due to the complexity of modern supply chains. To 

allow for this approach, the system boundary and functional unit of a study must be defined 

with this in mind. This will allow for cross-sector analysis by combining studies to build a 
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wider system boundary (e.g., using steelmaking BFS to create low carbon cements and glass 

flux), whilst retaining the accuracy of single product studies. 

5. A high quality LCA can only be completed with high quality data, which is typically from a 

primary source. However, there is a clear challenge with allowing open access to sensitive 

industrial data. Therefore, the academic and industrial LCA community must work together 

to find a solution.  

6. Data quality should be assessed objectively. This is paramount to understanding how 

confident a reader can be in the result of an LCA study. At a minimum, this should be done 

in line with ISO 14044 by accessing data on factors such as temporal, geographical, and 

technological relevance qualitatively. However, to be as effective as possible, this should be 

done using a quantitative technique such as a matrix evaluation. Assessing data in this way 

enhances effective comparative assertions and helps build public confidence in studies.  

7. Greater uniformity in impact assessment methodologies, impact assessment categories 

and reporting methods would be highly beneficial. There is no standard approach to 

selecting either a methodology or reporting categories which stifles comparison on a 

fundamental level. 

8. Interpretation is the most critical step in the LCA framework. Sensitivity and uncertainty 

assessments should be completed and reported as stated in ISO 14040 and ISO 14044. 

Confidence in results should be reported to enable transparent decision making.  

9. The implementation of LCA methodology by academic and industrial practitioners should 

seek to converge through the improved selection of system boundaries, impact categories, 

and interpretation methods. This should be done using stringent guidelines taking 

inspiration from industrial PCRs.    

10. A greater focus should be placed on future production processes and technology.  

This research has generated several recommendations for improvements on current LCA practice, 

particularly in energy-intensive industries. While these are only recommendations, effective 

implementation of current and future LCA methodologies will offer the opportunity to carry out 

these suggestions. Further work should seek to address limitations and build upon this research by 

assessing impact category values within each sector to establish benchmark values. This will pave 

the way for an integrated research direction towards net zero, through effective cross-sector 

comparison and using the LCA technique as a critical decision lever. 
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5. DECARBONISATION PATHWAYS: Evaluating Realistic UK Cement and Concrete 

Sector Abatement Options 

The second article, published in Sustainable Production and Consumption, aims to balance the 

expectations placed on low-maturity and high-maturity decarbonisation strategies to determine a 

realistic route in which the UK cement and concrete sector is able to achieve net-zero targets by 

2050. This was achieved through a decomposition analysis using a hybrid methodological approach 

that integrates material flow analysis and LCA. The results indicate that it is unlikely for the UK 

cement and concrete sector to reach net-zero unless concrete demand is reduced by 43% through 

the reuse and refurbishment of existing building stock. To implement these circular economy 

strategies swiftly and effectively, it is essential that economic, legislative, and social barriers are 

addressed by altering existing economic models, establishing new policy frameworks, and creating 

direct public incentives. I hereby certify that I led in the data curation, formal analysis, visualisation, 

and writing and reviewing of the original draft. Together with my supervisor Dr. Hisham Hafez, I 

conceptualised the study’s aims and developed the methodology. In addition, I took full 

responsibility of the submission process including responding to comments left by peer-reviewers.   
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Abstract  

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 lower clinker factor and 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 is impeded by financial and resource 

constraints. Accordingly, it is improbable for the sector to meet the 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.  

Keywords 

decarbonisation strategies, 2050 targets, CCUS, demand reduction, low carbon cement, circular 

economy 

Abbreviations 

BAU: business-as-usual  

CCC: Climate Change Committee 

CCUS: carbon capture, utilisation, and storage 
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EU: European Union 

GGBS: ground granulated blast furnace slag 

HM: high-maturity    

IEA: International Energy Agency 

LCA: life cycle assessment 

LM: low-maturity  

MFA: material flow analysis 

MPA: Mineral Products Association  

SCMs: supplementary cementitious materials 

TMRL: technology and market readiness level 

UK: United Kingdom 

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. 
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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 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 production (Hammond, 2022). To assess potential 

decarbonisation pathways 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 International 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 additional levels were added (ten 

and eleven) to account for market readiness (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 strategies 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 strategies are noted in Table 1. 

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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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 Figure 1.  

 

Figure 1: Cement and concrete sector decarbonisation strategies found in UK and EU roadmaps 

(adapted from Marsh et al. (2023)) 

The IEA states that HM strategies will always exhibit market precedence 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, economic, 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 strategies in the CCC 6th carbon 
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budget is significantly larger than that expected from HM strategies (Hammond, 2022). The same 

disproportional 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 

decarbonisation 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 

decarbonisation 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 the two probability combined decarbonisation potential pathways by 2050 

with 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 Figure 

2. All data utilised in this study comes from secondary, literary sources. In order to assess the 

decarbonisation potential 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 
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these values, the BAU emissions in 2050 were determined based on the predicted increase cement 

and concrete demand. 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 refurbishment 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 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.  

 

Figure 2: Methodology Flowchart 

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 intensity as expressed in Equation 2.  

BAU carbon emissions (MtCO2eq/yr) =  

Product annual consumption (Mt/yr) * Product carbon intensity (kgCO2eq/kg)  

 Equation 2 
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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 in 

infrastructure, pavements, and roads is included in the market-level analysis 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 Equation 3, 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 

conducting a material flow analysis and life cycle assessment, respectively.  

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 (%)) 

Equation 3 

 

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 Equation 4. 

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 (%) 
Equation 4 

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 
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annual consumption volumes can be benchmarked to determine the sector’s carbon emissions as 

noted in Equation 3. 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 product flows are measured in megatons per year. 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.  

Since the clinker content in imported cement is not straightforwardly calculated nor directly 

reported, clinker imports were estimated by multiplying the total mass of imported cement by 0.90, 

reflecting an assumed high clinker content similar to CEM I (OPC). This estimate was then added to 

the known quantity of imported clinker. This approach provides a conservative estimate of clinker 

inflows, ensuring that subsequent carbon emissions calculations are not underestimated. The 

cement market level encompasses both cement (OPC) and supplementary cementitious materials 

(SCMs). The total cement consumption value (produced and imported) was taken as the total 

clinker and additions (e.g. gypsum) 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 determined. 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 estimate 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 calculated 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 determined. 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 Equation 5.  
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Concrete consumption used for buildings per year (%) =  

(Concrete material intensity in buildings (kg/m2) * Demand for concrete buildings (km2)) / Annual concrete 

consumption (Mt/yr) 

   Equation 5 

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 700-1400 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 products 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 parameters: 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’. In cement and concrete LCA studies, a ‘cradle-to-

gate’ system boundary is typically selected, which includes raw material 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). Due to uncertainty regarding each product’s upstream 

processes, the boundary for this study is limited to the processing and production stage (A3) only, 

resulting in the selection of a simplified ‘gate-to-gate’ system boundary (Rihner et al., 2025). A 

detailed illustration of this system boundary can be found in supplementary information (SI, Figure 
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1). In line with other market decomposition 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 Equations 6-8. For the 

impact assessment stage, embodied carbon (kgCO2eq/kg) was the only environmental impact 

indicator analysed in line with the study’s goal. Since the carbon intensity values were obtained from 

literature sources, no additional GWP characterisation factors were applied in the calculations to avoid 

double counting. As expressed in Equation 6, the average carbon intensity of concrete is defined by 

its binder and non-binder components. 

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) 

        Equation 6 

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’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). Fundamentally, 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 Equation 7.    
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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) 

 Equation 7 

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 

Equation 8. 

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)  

Equation 8 

The process emissions for clinker production represent the chemically 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. 
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Table 2: Summary of the inventory data used to determine cement and concrete sector carbon 

intensity values 

Market 

Level 
Variable Unit 

UK 

Value 
Reference 

Global 

Value 
Reference 

Clinker 

Clinker process emissions kgCO2eq/kg 0.49 Shen et al. (2015) 0.49 Shen et al. (2015) 

Energy intensity in clinker 

production 
GJ/t clinker 3.7 IEA (2021b) 3.55 IEA (2023) 

Carbon intensity of fuel mix kgCO2eq/MJ 0.07 Summerbell (2018) 0.09 
Summerbell 

(2018) 

Average clinker carbon 

intensity 
kgCO2eq/kg Calculated 

Cement 

Clinker factor - 0.70 MPA (2020a) 0.71 IEA (2022) 

Average SCM carbon intensity kgCO2eq/kg 0.13 
Calculated (SI 

Table 6) 
0.13 

Calculated (SI 

Table 6) 

Electric energy required for 

indirect processes 
kWh/kg 0.11 Summerbell (2018) 0.1 IEA (2022) 

Carbon intensity of national 

electricity grid 
kgCO2eq/kWh 0.2 ESO (2023) 0.44 Ember (2024) 

Average cement carbon 

intensity 
kgCO2eq/kg Calculated 

Concrete 

Carbon intensity of the non-

binder components 
kgCO2eq/kg 0.007 

Drewniok et al. 

(2023) 
0.006 

Ecoinvent; Wernet 

et al. (2016) 

Binder content kg/kg 0.14 ERMCO (2020) 0.14 

Calculated; 

(Monteiro et al., 

2017; IEA, 2022) 

Average concrete carbon 

intensity 
kgCO2eq/kg Calculated 

 

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 theoretical 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 
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(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 

optimised mix design assumed 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 3: Values for current global best practice of HM strategies 
Market 

Level 
Variable Value Unit Reference 

Clinker  

Carbon Intensity 

of Fuel Mix 
0.058 kgCO2eq/MJ IEA (2018) 

Energy Intensity 

of Clinker 

Production 

3.0 GJ/t clinker Summerbell (2018) 

Cement  

Carbon Intensity 

of National 

Electricity Grid 

0.041 kgCO2eq/kWh 
Switzerland; 

(Ember, 2024) 

Average SCM 

Carbon Intensity 
0.08 kgCO2eq/kg MPA (2025) 

Clinker Factor 0.5 - 
Scrivener et al. 

(2018) 

Concrete  Binder Content 0.12 
kg/kg 

BSI (2023) 
kg/kg 

 

2.2 Decarbonisation scenarios by 2050 

The second stage of the methodology critically analyses the decarbonisation potential of twelve 

decarbonisation strategies outlined in various UK and EU cement and concrete sector 

decarbonisation roadmaps. As previously mentioned, decarbonisation strategies can be classified 

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 (Equations 6-8). 
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Table 4: Summary of the decarbonisation strategies, interventions, and the impacted variables 

Market 

Level 
Strategy 

Strategy 

Type 
Intervention Parameter Affected  

Clinker 

Carbon Capture and Storage 

(CCUS) 
LM 

CCUS at clinker 

production plant 
Clinker process emissions 

Recycling of Concrete Fines LM 

Use of concrete fines 

as clinker 

replacement 
Average clinker carbon 

intensity 

Electrification LM 
Producing clinker 

using electricity 

Alternative Fuels HM 
Biomass share in the 

fuel mix 

Carbon intensity of fuel 

mix 

Thermal Efficiency Improve

ments 
HM 

More energy efficient 

clinker kilns 

Energy intensity of clinker 

production 

Cement 

Decarbonisation of 

Electricity 
HM 

Lower carbon 

electricity grid 

Carbon intensity of 

national electricity grid 

Alternative Binders LM 
Alkali-activated 

industrial waste 

Average cement carbon 

intensity 

Clinker Replacement HM 
SCMs as clinker 

replacement 
Clinker factor 

Concrete 

Reduction in Over-

specification 
HM 

Performance-based 

concrete 

specifications 
Binder Content 

Concrete Mix Design 

Optimisation 
HM 

Particle packing and 

use of chemical 

admixtures 

Buildings 

Application 

Improved Design of 

Structural Elements 
HM 

More efficient 

structural design 

Concrete material 

intensity in buildings 

 

To determine the decarbonisation potential in 2050 for any LM or HM intervention, Equation 9 is 

proposed where the benchmarked carbon intensity and annual consumption values for a specific 

product (e.g. clinker, cement, concrete) is multiplied by the strategy’s decarbonisation reduction 

potential. 

Strategy decarbonisation potential in 2050 (MtCO2eq/yr) = Product carbon intensity (kgCO2eq/kg) * Strategy 

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

 

Equation 9 

 

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 

potential 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 associated 

with their implementation (Johnson et al., 2021). Conversely, the decarbonisation potential of HM 

strategies can be calculated with certainty due to their existing market precedence. This greater 

certainty however does not result in lower variability; often technological, economical, and current 
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standardised practices effect the decarbonisation 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 uncertainty 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 is 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 organisations (Department for Energy 

Security and Net Zero, 2024) and industrial 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 decarbonisation 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 concrete 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 concrete could not be 

substituted by any other building material. Equation 10 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 concrete sector carbon emissions in 2050 

was calculated using Equation 4.  
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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) 

Equation 10 

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 Equation 4. 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 product 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 baseline BAU in 2050 and the applied best practice cases for all HM 

decarbonisation strategies may be present. Assuming no demand reduction is required, Equation 

11 was used to determine reduction potential required by LM strategies under the low probability 

scenario to reach net-zero. 
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Reduction required by LM strategies (MtCO2eq/yr) =  

BAU cement and concrete sector carbon emissions in 2050 (MtCO2eq/yr) – Total HM decarbonisation 

potential (MtCO2eq/yr) 

 Equation 11 

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 volumes as seen in Figure 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 estimated 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 Equation 5, 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 

applications such as infrastructure, pavements, and roads.  
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Figure 3: Material Flow Diagram of UK Cement and Concrete Consumption (Mt/yr), 2022 

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 markets, in addition to the current global best practice. As 

shown in Figure 4, the general trend found that for all UK market levels, the carbon intensity 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 intensity 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.  
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Figure 4: Carbon Intensity at each market level (UK, global, best practice) 

3.2 Decarbonisation potential in 2050 

The minimum, maximum, and average reduction potential values for each decarbonisation strategy 

were selected from the UK and EU roadmaps reported by Marsh et al. (2023). Using these values, the 

decarbonisation potential for each strategy was calculated using Equation 9. 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 Figure 5, 

CCUS provides the greatest decarbonisation potential followed by electrification, 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.  
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Figure 5: Decarbonisation potential in 2050 by strategy utilising values reported in five UK and EU 

roadmaps 

While the probability of achieving the minimum decarbonisation potential of HM strategies values 

shown in Figure 5 is high, the lower probability implementation of the best practice for each HM 

strategy was also investigated. As shown in Figure 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 optimisation. 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 associated with the wider implementation of biomass use in energy production 

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.  
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Figure 6: Decarbonisation potential in 2050 of HM strategies (roadmap values vs. best practice 

values) 

To assess the total decarbonisation potential of all strategies, the BAU carbon emissions in 2050 was 

calculated by multiplying the benchmarked 2025 BAU cement and concrete sector carbon 

emissions (Equation 3) 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 concrete 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). Figure 7 illustrates the 

reduction in 2050 BAU emissions though the implementation of all decarbonisation strategies 

under both the high and low probability scenarios.  
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Figure 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 

3.2.1 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 implementation 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 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 circularity solutions for buildings. As per the method shown in Equation 10, 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 buildings 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 environmental impact savings of reusing buildings, there is evidence on 
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the significant potential cost savings as well (Eberhardt et al., 2019). A recent framework was 

developed in the UK (BS 8001:2017) that advocates for a system-level approach to exploring 

circularity throughout the whole value chain of building construction (Pacheco et al., 2024).  

3.2.2 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 operations, 

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 technical limitation is described as the differential performance of decarbonisation 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 innovation. 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 implementation of CCUS for clinker production 

would cause cement prices to reach £150/tonne 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/tonne of cement 

UK carbon tax levy is only limited to fossil fuel use and does not extend to include process emissions 
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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., 

2024).  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 decarbonisation 

potential; 0.2% less than the 2025 consumption volume. To meet this required production volume 

under this unrealistic scenario, traditional 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 decarbonisation potential.  

Table 5: Concrete volumes required to be produced in 2050 to achieve the decarbonisation 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 et al. (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 

 

3.3 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. 

Figure 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 (2020). Table 9 in 

the SI further details the calculated carbon savings and emissions for all scenarios considered. 
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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 effectiveness of mitigation scenarios. Under the high probability scenario specifically, 

the incremental increase in carbon emissions present between this pathway and the net-zero 

pathway highlights the need for the immediate 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.  

 

Figure 8: Cumulative Carbon Budget to 2050 Implementing Combined HM and LM Strategies 
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4. Conclusions 

This study critically analysed the potential of the UK cement and concrete sector to achieve net-

zero carbon targets in 2050. Decarbonisation 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:  

1. The average decarbonisation potential for HM interventions such as clinker replacement, 

binder content reduction, and structural optimisation 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 current 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 implementation of circular economy principles. 

Hence we need to overcome 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 methodology 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 
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alternatives to concrete such as natural fibres and earth-based materials are seen as a sustainable 

solution 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 dependent 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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Supplementary Information  

This supplementary information provides full details of the methods used for the analysis presented 

in the article Rihner et al. “Thousand cuts: a realistic route to decarbonise the UK cement and 

concrete sector by 2050.”  

S1: Benchmarking the UK cement and concrete sector consumption volumes and embodied 

carbon values 

Table 1 outlines the values and data sources utilised to create the material flow analysis of cement 

and concrete consumption in the UK.  

Table 1: 2022 Material Flow Analysis of Cement and Concrete Production in the UK 

Material 
Amount 

(Mt/yr) 
Source 

Clinker production in 

cement 
10.74  

Clinker (produced) 7.16 MPA (2023) 

Clinker (imported) 3.58 Estimate assuming CEM1 (90% clinker) 

Total cementitious 

material consumption  
15.3  

Additions 1.57 

MPA (2023) 

Total cement consumption 12.01 

Consumed cement 

produced 
8.36 

Consumed cement 

imported 
3.65 

Total SCM consumption 3.27 

GGBS 2.60 (World Steel Association, 2022; UN Comtrade, 2022) 

Fly ash 0.15 UKQAA (2021) 

Limestone filler 0.53 MPA (2023) 

Total concrete 

consumption 
87.4 Drewniok et al. (2023) 

Cement consumption for 

other uses 
3.1 

Drewniok et al. (2023) 
Cement consumption for 

concrete 
12.2 

Aggregate consumption for 

concrete 
68.9 

 

- 

 

Water consumption for 

concrete* 
6.1 

Chemical admixtures for 

concrete** 
0.12 

Concrete consumption for 

buildings 
50.7 Drewniok et al. (2023) 

Concrete consumption for 

other uses 
36.7 Drewniok et al. (2023) 

*Assuming 0.50 water to cement ratio    

**Assuming 1% of cement content 
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When conducting a life cycle assessment, a system boundary must be selected. Figure 1 illustrates 

the ‘cradle-to-gate’ system boundary selected for this study which includes the manufacturing 

process of clinker, cement, and concrete. This study does not assess the emissions associated with 

raw material extraction, transportation, or a material’s use.  

 

Figure 1: LCA System Boundary  

To determine the percentage of concrete consumption for buildings, the concrete material intensity 

in buildings must be calculated. As noted in Equation 1, the UK concrete material intensity in 

buildings in 2022 was calculated by multiplying the percentage of new construction by the summed 

average material intensity for each typology. To determine the best practice concrete material 

intensity in buildings, the average material intensity for each typology was first multiplied by 0.80 

to account for the 20% reduction in concrete use when a structure’s design is optimised through 

either the improved design of structural elements or by considering optimised material use in a 

building’s initial design (Drewniok et al., 2023). The material intensity and typology percentage 

values used for these calculations were obtained from Drewniok et al. (2023) and are reported in 

Table 2 alongside the calculated results. 

𝐶𝑜𝑛𝑐𝑟𝑒𝑡𝑒 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑖𝑛 𝑏𝑢𝑖𝑙𝑑𝑖𝑛𝑔𝑠 (
𝑘𝑔

𝑚2) =  ∑ 𝑀𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 (
𝑘𝑔

𝑚2) ∗ 𝑁𝑒𝑤 𝐶𝑜𝑛𝑠𝑡𝑟𝑢𝑐𝑡𝑖𝑜𝑛 (%) 

 

 Equation 1 
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Table 2: Concrete Material Intensity in UK Buildings 

Typology 
Average Material 

Intensity (kg/m2) 

Minimum Material 

Intensity (kg/m2) 

New Construction 

(%) 

End Terrace 1203.5 962.8 10.1% 

Mid Terrace 1013.1 810.5 10.2% 

Semi-detached 1266.5 1013.2 19.1% 

Detached 1332 1065.6 9.1% 

Bungalow 1652.9 1322.3 1.1% 

Converted Flat 457.2 365.8 4.7% 

Residential (4<) 1212.2 969.7 3.7% 

Residential (5-6) 716.1 572.9 0.9% 

Residential (7-10) 675.4 540.3 0.2% 

Residential (>10) 551.9 441.5 0.1% 

Office Buildings 1361 1088.8 6.2% 

Industrial Buildings 785.4 628.3 24.2% 

Retail Buildings 830.4 664.3 6.9% 

Other non-domestic 

buildings 

1167.9 934.3 3.5% 

UK concrete material 

intensity in buildings 

(2022) 

1054 kg/m2 

UK best practice 

concrete material 

intensity in buildings  

843 kg/m2 

 

Table 3 reports the values utilised to calculate the average binder content ratio for both the UK and 

global markets. The average binder content ratio in UK concrete was calculated by dividing the UK 

cement consumption for concrete by the UK’s total concrete consumption. Both of these values 

were obtained from the material flow analysis in section S1. The UK value calculated (0.14 ratio = 

380 kg/m3) is close to that reported by the European Ready Mix Concrete Organisation 2020 report 

(ERMCO, 2020) which notes that 348 kg/m3 is the average binder content used for UK ready-mix 

concrete. For the global benchmark, the ratio between the average annual global cement and 

concrete consumption was taken. 

Table 3: UK and Global Average Binder Content Ratio 

Market 

Cement 

Consumption 

(Mt/yr) 

Source 

Concrete 

Consumption 

(Mt/yr) 

Source 
Calculated 

Binder Content 

UK 12.23 

Material 

Flow 

Analysis 

87.4 
Material Flow 

Analysis 
0.14 

Global 4,300 (IEA, 2022) 30,000 
(Monteiro et 

al., 2017) 
0.14 
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For this study, the best practice binder content was calculated by determining the lowest binder 

content value. This was achieved by first selecting the maximum minimum binder content for each 

strength class category specified in BS8500-1:2023. These values were then multiplied by the 

market share for each strength class noted in ERMCO (2020). To calculate the binder content ratio, 

the summed minimum binder content value was divided by 2400 kg/m3; the average density of 

concrete. From this, the minimum binder content ratio was found to be 0.12. Table 4 provides the 

data used to calculate this value.  

Table 4: Calculated Minimum Binder Content Ratio for Best Practice 

Production by 

Strength Class 

Maximum Minimum 

Binder Content 

(kg/m3) 

Market Share 
Maximum Minimum Binder 

Content * Market Share (kg/m3) 

<C16/20 200 5% 10 

C16/20-C20/25 240 17% 40.8 

C25/30-C30/37 300 64% 192 

>=C35/45 340 14% 47.6 

Sum 290.4 

 

While the carbon intensity of the non-cementitious components for the UK market was obtained 

from Drewniok et al. (2023), the value for the global market was calculated using SimaPro and 

Ecoinvent ‘rest-of-the-world’ datasets (Wernet et al., 2016). To calculate the carbon intensity value 

for each component, the component’s mass ratio was multiplied by its carbon intensity. For the 

purposes of this calculation, a typical concrete mix design was assumed. Table 5 provides a 

breakdown of the assumed concrete mix design, the carbon intensity values, and the summed 

carbon intensity value for non-cementitious components. This value was also used for the UK best 

practice case.  

Table 5: Global Market Carbon Intensity of Non-Cementitious Components 

Material 

Mass of Typical 

Concrete Mix 

Design (kg) 

Mass Ratio 
Carbon Intensity 

(kgCO2eq/kg) 

Mass Ratio*Carbon 

Intensity 

(kgCO2eq/kg) 

Gravel 1100 46% 0.0102 0.0047 

Sand 850 35% 0.00427 0.0015 

Water 150 6% 0.00124 0.0001 

Cement 300 13% - - 

Sum 2400 100% - 0.006 

 

To calculate the average SCM carbon intensity, the mass ratio of each SCM was multiplied by their 

respective carbon intensity value and then summed. The annual global SCM consumption was 

assumed to be identical to the UK’s consumption value. Therefore, the material use values were 
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extracted from the material flow analysis. For this assessment, it was assumed that the remaining 

0.53Mt/yr of SCMs correlates to limestone filler. Table 6 provides a summary of the data and sources 

utilised in addition to the calculated average global and UK SCM carbon intensity values.   

Table 6: Average SCMs Carbon Intensity UK and Global Market 

UK Market 

SCM 
Material Use 

(Mt/yr) 
Mass Ratio 

Carbon 

Intensity 

(kgCO2eq/kg) 

Reference 

Mass Ratio * 

Carbon Intensity 

(kgCO2eq/kg) 

GGBS 2.6 79.4% 0.155 

MPA (2025) 

0.123 

Fly Ash 0.15 4.4% 0.022 0.001 

Calcined 

Clays 
0 0.0% 0.27 0 

Limestone 

Filler 
0.53 16.2% 0.044 0.007 

Sum 3.27 100 - - 0.13 

Global Market 

SCM 
Material Use 

(Mt/yr) 
Mass Ratio 

Carbon 

Intensity 

(kgCO2eq/kg) 

Reference 

Mass Ratio * 

Carbon Intensity 

(kgCO2eq/kg) 

GGBS 2.6 79.4% 0.155 MPA (2025) 0.123 

Fly Ash 0.15 4.4% 0.023* Shi et al. (2021) 0.001 

Calcined 

Clays 
0 0.0% 0.28 

Scrivener et al. 

(2018) 

0 

Limestone 

Filler 
0.53 16.2% 0.008 0.001 

Sum 3.27 100 - - 0.13 

*Data for fly ash originates from China but is assumed to represent global value 

For the carbon intensity of SCMs best practice value, a homogenised cement mix in 2050 was 

assumed based on the best practice clinker factor value and realistic SCM substitution rates. Table 

7 shows the percentage contribution of each constituent and their respective carbon intensity 

values. The sum of each SCM’s mass ratio multiplied by its respective carbon intensity value is equal 

to the average best practice SCM carbon intensity in 2050. 
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Table 7: Average SCM Carbon Intensity for UK Best Practice 

Material 
Homogenised 

Mix (%) 

SCM 

Mass 

Ratio 

Carbon 

Intensity 

(kgCO2eq/kg) 

Reference 
Mass Ratio*Carbon Intensity 

(kgCO2eq/kg) 

Gypsum 5% 0.1 0.05 
Hafez et al. 

(2024) 
0.005 

Limestone 

Filler 
15% 0.3 0.044 

MPA (2025) 

0.013 

GGBS 15% 0.3 0.155 0.047 

Calcined Clays 15% 0.3 0.048 0.014 

Sum 0.08 

 

Table 8 summarises the current UK business-as-usual (BAU) carbon emissions. To calculate the BAU 

carbon emissions at each product level prior to any decarbonisation strategy implementation, the 

product annual consumption values obtained from the material flow analysis was multiplied by its 

respective average carbon intensity.  

Table 8: UK BAU Carbon Emissions 

Market Level 
Product Annual 

Consumption (Mt/yr) 

Carbon Intensity 

(kgCO2eq/kg) 

BAU Carbon 

Emissions 

(MtCO2eq/yr) 

Clinker 10.74 0.75 8.05 

Cement 15.28 0.59 8.95 

Concrete 87.40 0.088 7.69 

Building Application 50.69 - 4.46 

 

S2: Calculating the Cumulative Carbon Savings 

Equation 2 was used to evaluate the carbon emissions savings annually for both the low and high 

probability scenarios where n is the year for which carbon savings are assessed. For the low 

probability scenario, the compounded high-maturity decarbonisation potential from all best 

practices were utilised. To determine the carbon emissions for a given year, the carbon savings (low-

maturity (LM) and high-maturity (HM)) were subtracted from the BAU carbon emissions in year n as 

noted in Equation 3.  For the net-zero scenario, the Climate Change Committee carbon targets in 

2030, 2040, and 2050 were used. From this, a linear relationship was taken between the 2025 to 2030 
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values, the 2030 to 2040 values, and the 2040 to 2050 values to determine the annual net-zero 

scenario carbon emissions. The calculated carbon savings and carbon emissions for both the low 

and high probability scenarios are presented in Table 9.  

   𝐻𝑀 𝑜𝑟 𝐿𝑀 𝐶𝑎𝑟𝑏𝑜𝑛 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 𝑠𝑎𝑣𝑖𝑛𝑔𝑠 𝑖𝑛 𝑦𝑒𝑎𝑟 𝑛 (𝑀𝑡𝐶𝑂2𝑒𝑞)

=  𝐻𝑀 𝑜𝑟 𝐿𝑀 𝑐𝑎𝑟𝑏𝑜𝑛 𝑠𝑎𝑣𝑖𝑛𝑔𝑠 𝑖𝑛 𝑦𝑒𝑎𝑟 𝑛 − 1(𝑀𝑡𝐶𝑂2𝑒𝑞)

+
𝐻𝑀 𝑜𝑟 𝐿𝑀 𝑐𝑎𝑟𝑏𝑜𝑛 𝑠𝑎𝑣𝑖𝑛𝑔𝑠 𝑖𝑛 2050 (𝑀𝑡𝐶𝑂2𝑒𝑞)

25 (𝑦𝑟𝑠)
 

Equation 2 

      𝐶𝑎𝑟𝑏𝑜𝑛 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 𝑖𝑛 𝑦𝑒𝑎𝑟 𝑛 (𝑀𝑡𝐶𝑂2𝑒𝑞)

= 𝐵𝐴𝑈 𝑐𝑎𝑟𝑏𝑜𝑛 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 𝑖𝑛 𝑦𝑒𝑎𝑟 𝑛 (𝑀𝑡𝐶𝑂2𝑒𝑞) − 𝐻𝑀 𝑐𝑎𝑟𝑏𝑜𝑛 𝑠𝑎𝑣𝑖𝑛𝑔𝑠 𝑖𝑛 𝑦𝑒𝑎𝑟 𝑛 (𝑀𝑡𝐶𝑂2𝑒𝑞)

− 𝐿𝑀 𝑐𝑎𝑟𝑏𝑜𝑛 𝑠𝑎𝑣𝑖𝑛𝑔𝑠 𝑖𝑛 𝑦𝑒𝑎𝑟 𝑛 (𝑀𝑡𝐶𝑂2𝑒𝑞) 

Equation 3 
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Table 9: Cumulative HM and LM Carbon Savings and Emissions (2025-2050) 

Year 

Carbon Savings (MtCO2eq.) Carbon Emissions (MtCO2eq.) 

High Probability Low Probability  High 

Probability 

Low 

Probability 
BAU 

Net-

Zero HM LM HM LM 

2025 0 0 0 0 9.48 9.48 9.48 9.48 

2026 0.12 0.14 0.19 0.27 9.30 9.10 9.56 8.34 

2027 0.25 0.27 0.37 0.54 9.11 8.72 9.63 7.21 

2028 0.37 0.41 0.56 0.81 8.93 8.34 9.71 6.07 

2029 0.49 0.55 0.75 1.07 8.75 7.97 9.79 4.93 

2030 0.61 0.69 0.93 1.34 8.56 7.59 9.86 3.79 

2031 0.74 0.82 1.12 1.61 8.38 7.21 9.94 3.60 

2032 0.86 0.96 1.31 1.88 8.20 6.83 10.01 3.41 

2033 0.98 1.10 1.49 2.15 8.01 6.45 10.09 3.22 

2034 1.10 1.23 1.68 2.42 7.83 6.07 10.17 3.03 

2035 1.23 1.37 1.87 2.69 7.64 5.69 10.24 2.84 

2036 1.35 1.51 2.05 2.95 7.46 5.31 10.32 2.66 

2037 1.47 1.64 2.24 3.22 7.28 4.93 10.39 2.47 

2038 1.59 1.78 2.43 3.49 7.09 4.55 10.47 2.28 

2039 1.72 1.92 2.61 3.76 6.91 4.17 10.54 2.09 

2040 1.84 2.06 2.80 4.03 6.73 3.79 10.62 1.90 

2041 1.96 2.19 2.99 4.30 6.54 3.41 10.70 1.71 

2042 2.08 2.33 3.17 4.57 6.36 3.03 10.77 1.52 

2043 2.21 2.47 3.36 4.83 6.17 2.66 10.85 1.33 

2044 2.33 2.60 3.55 5.10 5.99 2.28 10.92 1.14 

2045 2.45 2.74 3.73 5.37 5.81 1.90 11.00 0.95 

2046 2.58 2.88 3.92 5.64 5.62 1.52 11.08 0.76 

2047 2.70 3.01 4.11 5.91 5.44 1.14 11.15 0.57 

2048 2.82 3.15 4.29 6.18 5.26 0.76 11.23 0.38 

2049 2.94 3.29 4.48 6.44 5.07 0.38 11.30 0.19 

2050 3.07 3.43 4.67 6.71 4.89 0.00 11.38 0.00 
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6. DECARBONISATION SYNERGIES: Exploring Cross-Sectoral Links though Blast 

Furnace Slag 

The third article, published in Resources, Conservation, and Recycling examines the unintended 

consequences of decarbonisation in the UK steel sector on low-carbon cement production, as 

domestic GGBS supplies become threatened. Using material flow analysis, LCA, and economic 

modelling, the risks of cross-sectoral trade-offs were highlighted, demonstrating the need for 

integrated industrial decarbonisation policies in the UK. I hereby certify that I co-led this publication 

alongside Jacob W. Whittle. I was responsible for the cement sector data curation and LCA analysis 

which encompassed cement GGBS for use as an SCM. I also significantly contributed to the 

development methodology, the Excel based LCA model, visualisation of results, and writing and 

reviewing of the original draft. I also supported Jacob W. Whittle in the submission process including 

responding to comments left by peer-reviewers.   
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Abstract 

 
The UK cement and steel industries are decarbonising rapidly to meet net-zero targets. This study 

explores the unintended consequences of these efforts, particularly the potential disruption of 

industrial symbiosis between sectors. Cement production in the UK increasingly relies on ground 

granulated blast furnace slag (GGBS), a low carbon supplementary cementitious material (SCM). 

However, the shift from primary to secondary steelmaking threatens domestic GGBS supply. This 

research uses material flow analysis, life cycle assessment, and economic modelling to evaluate 

future GGBS availability, carbon intensities, and supply chain vulnerabilities. Findings indicate that 

although the steel sector is expected to reduce its environmental impact, this will cause the cement 

sector to face a potential shortfall in domestic SCMs, increasing reliance on imports through cross-
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sector decoupling and stagnation of decarbonisation. Addressing these challenges is vital to ensure 

a sustainable cross-sector supply chain and support future UK and global infrastructure resilience. 

1.Introduction 

Cement and steel are fundamental to modern infrastructure, making them the two most readily 

consumed materials with over 4 Gt of cement [1] and nearly 2 Gt steel produced globally in 2023 [2]. 

However, these industries have significant environmental impacts due to their energy- and process- 

intensive processes [3, 4]. In 2023, both sectors generated a combined 5 Gt of direct carbon dioxide 

(CO2) emissions - 15% of total anthropogenic CO2 emissions released annually [5-7]. This has 

intensified pressures to decarbonise using innovative solutions and mechanisms to meet net-zero 

targets by 2050 [3], including an increased use of the circular economy and industrial clustering 

concepts [8]. These can both be underpinned by the theoretical concept and practical application 

of industrial symbiosis.  

1.1. Industrial Symbiosis 

Industrial symbiosis can be interpreted in different ways [9], but is broadly defined as the long-term 

engagement between different companies or industries in the physical exchange of materials, by-

products, energy, or information [9-12]. Against the background of decarbonisation, this is a vital 

mechanism to help reduce the environmental impact of one or multiple parties. This can be 

achieved through converting by-product streams in one industry to form a supply chain which 

supplements or replaces raw and virgin materials within an industrial process typically within a 

separate industry [13], avoiding early disposal of otherwise useful material [14], and preserving 

natural resources [15]. Industrial symbiosis also has the potential to unlock further economic and 

social benefits beyond the parties directly involved [8, 9]. There are innumerable literature 

examples of industrial symbiosis at range of scales and industries including symbiosis of water 

sources across all industries in a single city [16], symbiosis between mushroom farmers and beer 

brewers [17], and synergy in regional minerals mining and production [18].  

1.2. Symbiosis between cement and steel 

An interesting, and long standing, global application of industrial symbiosis is between the steel and 

cement sectors. There are several examples of symbiosis including utilising end of life steel scrap 

from finished construction grade cement products as a steel scrap source [19] and the use of dusts 

from both industries as carbonation materials [20]. However, by far the most common is the use of 

ground granulated blast furnace slag (GGBS). This is created as a by-product of the steelmaking 
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process and used within the cement manufacturing process, a symbiosis summarised in Figure 1. 

Initially studied for its potential as a performance enhancing material within cement, the 

relationship between both sectors has shifted significantly to a focus on the reduction of 

environmental impact within both through repurposing of this material [21-23]. However, no 

literature can be found which assesses the potential effects of a change in the production landscape 

of both sectors due to global decarbonisation efforts on this long-standing symbiotic relationship. 

 

Figure 1: Cement and steel manufacturing industrial symbiosis process flowchart. 

The CO2 emissions associated with the production of cement are mostly (in excess of 90%) caused 

by the production of clinker, which is the main constituent of cement [24]. Clinker is a mixture of 

limestone and other materials that are heated within a kiln then subsequently ground into a fine 

material for use within cement [24], as shown in Figure 1. Globally, the clinker-to-cement ratio, also 

known as the clinker factor (i.e. the percentage of clinker used within a given cement mix), is 

approximately 0.70 [25]. Although direct circularity is possible within the cement industry [26] it is 

challenging [27]. Therefore, a major strategy to reduce CO2 emissions is replacing ordinary Portland 

cement (PC) with cement blends that contain a greater proportion of supplementary cementitious 

materials (SCMs), thus reducing clinker use. These can also enhance performance [28, 29]. 

Commonly utilised SCMs include GGBS [28], limestone [30], calcined clays (CC) [31], and fly ash (FA) 

from coal combustion [28, 32]. However, SCM application varies significantly by region. Despite 

historically high usage and substitution rates within cement manufacture [33, 34], the United 

Kingdom’s (UK) early transition to cleaner energy sources [35-37] has resulted in a decline of FA 

availability and usage as a SCM, while legacy FA recovery remains uncertain [38]. While limestone 
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calcined clay cement (LC3) has shown technical success elsewhere [30], poor reactivity of local CC 

stocks [39] and the limited availability of limestone fines [40, 41] has challenged its use within the 

UK. As a result, GGBS is the UK’s most widely used SCM [2, 41, 42]. GGBS is a fine, glassy substance 

produced by grinding and rapidly cooling molten blast furnace slag (BFS); a co-product of the iron 

smelting process within the primary blast furnace-basic oxygen furnace (BF-BOF, or BOF) 

steelmaking route [43] as shown in Figure 1. Consequently, UK cement decarbonisation is largely 

dependent on a symbiotic relationship with the steel industry. However, falling domestic steel 

production, over the past decade, means that the UK has begun relying heavily on GGBS imports to 

meet industrial demand [2, 42]. Given this, existing literature suggests limiting GGBS use to 20% in 

the UK for performance and material availability reasons [44]. Maintaining this rate is preferrable, 

but industrial shifts may result in further GGBS shortages.  

The remaining major steel manufacturers in the UK, which currently utilise primary steelmaking, 

aim to reduce emissions by 85% by 2035 and reach net-zero by 2050 [45]. In the short to medium 

term this will be achieved through process decarbonisation of primary steelmaking, making use of 

emerging technologies including hydrogen, carbon capture, usage, and storage (CCUS), and 

alternative materials [45]. However, all manufacturers expect to completely transition to secondary 

steelmaking routes, utilising electric arc furnaces (EAF), by 2050 at the latest [46, 47]. This transition 

process is already underway at one of the two remaining major primary steelmaking sites [48]. 

Secondary steelmaking relies on implementation of a circular economy within the steel sector, with 

scrap material becoming the primary iron or steel source. This in turn, significantly reduces the 

material’s environmental impact. Although there are technical [49, 50], regulatory [51], and 

practical [51, 52] challenges, this may occur much sooner [53]. However, these furnaces do not 

produce the same co-products as the BOF route. Furthermore, this transition toward cleaner 

steelmaking is likely to occur on a global scale, albeit at different rates [54]. As a result, the 

availability of steel, cement, and associated co-products will change, affecting the economic value 

of each material, and thus industrial decision-making [55, 56]. Changes in value could mean that 

GGBS is no longer economically viable or environmentally sustainable to continue importing into 

the UK, resulting in a major shift in the balance of global supply chains - increasing the reliance on 

SCM imports and potentially an increase in cement-related CO2 emissions.  

This relatively unique position of SCM use, type of steelmaking, and ambitious net-zero related 

targets for heavy industry make the UK a perfect case study to assess the potential unintended 

consequences of decarbonisation on industrial symbiosis, which has not been seen previously in 

literature.  This paper aims to conduct a novel study into how shifts in the steel industry, both in the 
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UK and globally, will impact UK cement sector decarbonisation. To achieve this, several steel and 

cement transition scenarios will be explored, predictions will be made on material economic value, 

and the environmental impact of GGBS will be assessed. The findings will provide insights into the 

likely carbon intensity and emissions of both sectors in 2050, aiding informed decision-making and 

mitigate cross-sector supply chain disruption and risk. This study is structured as follows: Section 2 

describes the study methodology, Section 3 presents study findings, and Section 4 discusses the 

results presented in Section 3, and Section 5 summarises key insights and their implications on 

steel-cement symbiosis.  

2. Materials and Methods 

2.1. Outline 

To evaluate the impact of decarbonisation strategies between the synergistic steel and cement 

sectors, as outlined in Figure 1, the carbon emissions produced in each sector must first be assessed. 

The carbon emissions associated with any given product are defined by the volume of product 

consumed and its carbon intensity. Therefore, to determine the cement and steel sector’s annual 

consumption volumes and embodied carbon, a material flow analysis and life cycle assessment 

were performed, respectively. This is a methodology combination which has been found to yield 

more robust and transparent results, compared to utilising these methods independently [57]. The 

methodology outline, in addition to the flow of data, is described in Figure 2. 

 

Figure 2: Methodology outline. 
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2.2. Scenarios 

The baseline year for this study is 2023 as this is the most recent year for which complete data is 

available. Alongside this, several 2050 scenarios were considered which focus on key transition 

strategies in each sector: the shift from primary to secondary steelmaking in the steel sector and the 

increased use of SCMs in the cement sector. These are outlined in Table 1.  

Global cementitious material demand is expected to remain constant until 2050, with production 

rising in the Global South but declining in the Global North [58, 59]. However, in a drive to reduce 

the emissions associated with cement production, the clinker factor will decrease regionally, 

reducing clinker demand while increasing SCM consumption. In the UK, the current clinker factor is 

0.70 [41], but must drop to 0.50 to achieve net-zero targets [60]. It is also assumed that while the 

percentage of GGBS used will remain constant to 2050 (17% of the UK cement mix), the 

consumption of other SCMs will shift from FA to CC and limestone fines due to other industrial shifts.  

Similarly, global steel production is expected to continue to grow by 3.5% annually to 

approximately 1960 Mt by 2050 [2], but steelmaking transition pathways remain unclear outside of 

a small number of European countries. Accordingly, the UK has been modelled as undertaking a 

complete shift (100%) from BOF to EAF steelmaking. This means that all steel manufactured in the 

UK will be produced using secondary steelmaking methods by 2050, though it is likely that this will 

occur much sooner. Other steel producing countries are the subject of a 25 to 75% shift in route 

toward EAF steelmaking to assess global sensitivity in absence of reliable transition pathway plans 

- particularly with respect to GGBS availability. China (90.1% BOF), India (43.6% BOF), and Japan 

(71.1% BOF) currently produce a combined 65% of global steel [61] and are likely to remain the 

largest by market share. Therefore, it is assumed that each country assessed (UK, China, India, and 

Japan) retains the same global production share through each scenario, but the total volume of 

steel produced in 2050 by BOF decreases by the percentage noted. A global average has also been 

assessed to understand regional disparities in production. Each country is assumed to satisfy 

domestic scrap demand to enable sufficient high-quality steel scrap availability [51]. 
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Table 1: Steel and cement transition scenarios from baseline to 2050. 

Country / Region 
2050 Transition 

Scenario 
Cement Transition 

(Clinker Factor) 
Steel Transition (EAF 

Shift Percentage) 

UK 

Low 

0.70 (Mineral 

Products Association, 
2023) 

100% 
Medium 0.60 

High 
0.50 (Rihner et al., 

2025) 

China, India, Japan, 
Global Average 

Low 
0.71 (International 

Energy Agency, 2024) 
25% 

Medium 0.63 50% 

High 

0.55 (International 
Energy Agency, 2024, 

Global Cement and 

Concrete Association, 
2024) 

75% 

Within the transition scenarios described, the effects of different regional and sector-specific 

decarbonisation strategies were also assessed, incorporating emissions reductions beyond those 

achieved through lower clinker factors and the transition to EAF. In both sectors, establishing 

current [61] and predicting future process energy intensity (GJ/tonne of product) is challenging as 

these values are affected by a multitude of technological, financial, and geopolitical issues. 

However, there are several common decarbonisation strategies, at various market readiness levels, 

that could contribute to the reduction of carbon emissions associated with material production. 

These include CCUS [64, 65], material efficiency [64], technology performance improvements (e.g. 

recycling concrete fines, or fitment of top-pressure recovery turbines) [64, 65], electrification [64], 

and use of alternative energy sources [64, 65]. In the steel sector, two decarbonisation pathways 

were considered based the IEA’s iron and steel roadmap pathways: ‘Stated Policies Scenario’ 

(STEPS) and ‘Sustainable Development Scenario’ (SDS) [64]. The STEPS roadmap reflects countries’ 

energy and climate-related commitments through 2050, while SDS outlines the major changes 

required to achieve the primary energy-related goals of the UN Sustainable Development Agenda 

(Supplementary Information (SI), section S1). For the cement sector, a recent UK cement market 

analysis was used to define the 2050 decarbonisation pathway [60] (SI section S4). In order to 

contextualise the plans of both sectors, an additional business-as-usual (BaU) scenario has been 

included which does not see any process decarbonisation, but does consider the decarbonisation 

of regional electricity, material, and fuel in addition to the transition scenarios noted in Table 1. 

Reductions in the carbon intensity of these indirect processes were determined based on projected 

values provided in industry roadmaps and relevant publications. 
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2.3. Material Flow Analysis 

To quantify the flow and stock of material within the cement and steel sectors, and therefore 

aggregate sectoral consumption volumes, a material flow analysis (MFA) was performed [66]. The 

flow of materials is summarised in Figure 1. All data was taken from publicly available regional and 

international reports [2, 25, 41, 61, 62], and secondary literature sources [67]. The defined system 

boundary is cradle-to-gate, which encompasses the annual consumption values of clinker, iron, 

GGBS, other SCMs (FA, CC, and limestone fines), cement, and steel in the UK. To maintain a focus on 

domestic consumption, exported products were excluded. In addition, downstream flows of 

finished products such as concrete and reinforced concrete elements were not considered. 

2.4. Life Cycle Assessment 

Life cycle assessment (LCA) is a methodological framework which can provide a general perspective 

on the environmental impact of a product to support decision making [68, 69]. LCA is standardised 

by ISO14040 and ISO14044 [70, 71]. The first stage of any LCA is to define the goal. The goal of this 

LCA is to assess the carbon intensities associated with several products within the UK steel and 

cement sector including clinker, GGBS, cement, and steel. In line with this, several different 

scenarios were considered including different temporal (2023 and 2050), geographic (UK, China, 

India, Japan, global average), and transition scenarios as noted in Table 1. In an LCA, a study’s scope 

is defined by three main components: the system boundary, functional unit, and allocation 

procedure [70]. The system boundary for this LCA is cradle-to-gate which includes raw material 

extraction (stage A1), the transportation of those raw materials to the factory (stage A2), as well as 

the processing and production of the product (stage A3) [72]. Since the study aims to assess the 

environmental impact of several products in which material function is not necessary, a mass 

declared unit (e.g. one kilogram) was selected for each product. 

When assessing the carbon intensity of co-products, partially on a cross-sector level, special 

consideration must be given to the allocation procedure selected. ISO14040 defines allocation as 

the “partitioning the input or output flows of a process or a product system between the product 

system under study and one or more other product systems” [70]. Previous studies have found that 

within the cement and steel sector there is no clear consensus on how BFS (as well as other co-

products) should be allocated within the LCA method [73, 74]. Each sector appears to favour 

different methods of allocation to best suit study goals which makes cross-sector comparison 

challenging; contradicting the core principles of LCA [72]. Therefore, in this study, both mass and 

economic allocation were considered when determining the carbon intensity of BFS (SI, section S5). 
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The core method of producing GGBS is not expected to change, and so therefore the allocation by 

mass between products will not change between the baseline and 2050. Within the primary 

steelmaking route, BFS values per country are not typically reported, so a ratio of 0.28 tonnes of BFS 

produced per tonne of iron was assumed for all countries [75]. The exception to this is in the UK 

where no iron or BFS is produced in 2050, as defined in Table 1. Allocation by economic values 

however will change due to fluctuations of supply and demand, and therefore price, over time. By 

examining import and export trade flow data, the baseline global economic values for crude iron 

and GGBS were found to be £0.41/kg and £0.02/kg, respectively. In the UK, the export price of iron 

is significantly higher at £0.86/kg. Given the low supply and high demand for GGBS in the UK, the 

exporting price of the material is £0.18/kg [42]. To determine the 2050 economic values for both 

products, the price prediction methodology outlined in Section 2.5 was used. 

Inventory analysis is the second stage of an LCA which includes the evaluation and collection of data 

required to fulfil the study’s goal. Data has been compiled from a range of secondary sources 

through a top-down collection method, for use across and within each sector of analysis. Each 

source is as spatially, temporally, and technically relevant as possible. A summary of this is outlined 

below, but all data, detailed calculations, and sources can be found in the associated SI. For both 

the steel and cement carbon intensity calculations, the electricity and fuel emission factors were 

regionalised where possible to most accurately model disparities in decarbonisation pathways. All 

data and decarbonisation pathways are taken from government (UK GHG, China CF) or literature 

[54] sources (SI, section S2). The carbon intensity for both BOF and EAF steelmaking (kgCO2eq/kg) 

(𝑆𝐶𝐼) is derived from electricity (kgCO2eq/GJ) (𝐸𝐶𝐹), fuel emission factors (kgCO2eq/GJ) (𝐹𝐸𝐹), the fuel 

mixture (including electricity) (%) (𝐹𝑀), and steelmaking process energy intensity (GJ/kg) (𝑆𝑃𝐸) as 

noted in Equation 1. 

𝑆𝐶𝐼 =  𝑆𝑃𝐸 × ((𝐹𝑀 × 𝐹𝐸𝐹) + (𝐹𝑀 ×  𝐸𝐶𝐹)) 

Equation 1 

The average steelmaking process energy intensity ranges from 19.39 to 14.00 GJ/tonne of steel (SI, 

Section S1). The fuel mixture used in each steelmaking process is likely to shift in favour of electricity 

driven, and more sustainable processes. Data supporting the aggregated fuel mixture consumption 

for each transition scenario is taken from WorldSteel [61] or IEA [64] (SI, section S3). 

The carbon intensity of cement (kgCO2eq/kg) (𝐶𝑡𝐶𝐼) in the UK is derived from the carbon intensity of 

clinker (kgCO2eq/kg) (𝐶𝑙𝐶𝐼), the cement’s clinker factor (𝐶𝐹), the average carbon intensity of SCMs 

(kgCO2eq/kg) (𝑆𝐶𝑀𝐶𝐼), the carbon intensity of GGBS (kgCO2eq/kg) (𝐺𝐶𝐼), the cement’s GGBS factor 
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(i.e. the amount of GGBS used within a given cement mix) (𝐺𝐹), the carbon intensity of the transport 

of both GGBS (kgCO2eq/kg) (𝐺𝑇) and clinker (kgCO2eq/kg) (𝐶𝑙𝑇), the electric energy required for 

indirect processes (GJ/kg) (𝐸𝐶𝑅), and the emission factor of electricity (kgCO2eq/GJ) (𝐸𝐶𝐸𝐹). This 

calculation is summarised in Equation 2.  

 

𝐶𝑡𝐶𝐼 =  𝐶𝑙𝑇 + (𝐶𝑙𝐶𝐼 × 𝐶𝐹) + (𝑆𝐶𝑀𝐶𝐼 × (1 − (𝐺𝐹 + 𝐶𝐹)) + (𝐺𝐶𝐼 × (𝐺𝐹)) + 𝐺𝑇 + (𝐸𝐶𝑅 × 𝐸𝐶𝐸𝐹) 

Equation 2 

The carbon intensity of the clinker component consists of process emissions occurring from 

calcination in the cement kiln and the carbon intensity of the kiln’s fuel mix (SI, section S4). The 

clinker factor is noted in Table 1. The average SCM carbon intensity was determined by taking the 

mass ratio of all three other SCM types considered (limestone, CC, and FA) in addition to gypsum 

and multiplying each by their respective consumption volume and carbon intensity value. All these 

materials were assumed to have negligible transportation distances given current material stocks. 

To determine carbon intensity of GGBS, the same calculation procedure was applied as was done 

for the other SCMs.  

In addition to the emissions arising from the clinker and GGBS production process, those arising 

from importation must also be accounted for. In the case of clinker, this includes clinker sold as a 

product and cement products containing clinker (e.g., CEM1). While countries that are in close 

proximity to the UK such as the Netherlands, Spain, Germany and France have consistently been 

some of the UK’s largest exporters of GGBS, a shift to relying on slag exports from China, India, and 

Japan is likely due to pan-European decarbonisation targets [76]. This shift has already begun in the 

case of Japan. Since 2019, it has become one of the largest slag exporters to the UK with the country 

accounting for 22% of all UK GGBS imports annually. To determine the carbon intensity of 

transportation for the 2023 baseline scenario, a weighted average was taken between the top four 

exporting countries of each product. To account for regional production process differences, carbon 

intensity values for clinker and GGBS production were retrieved from literature sources for each of 

the four exporting countries considered. The processing of BFS into GGBS was assumed to take 

place in the country of origin and all slag imported into the UK is GGBS (SI, section S5). 

Transportation distances were determined using secondary data sources [77, 78] (SI, section S6). 

When assessing the impact of transportation in 2050, the top four exporters of clinker and cement 

products were assumed to be the same from the 2023 baseline. For GGBS however, several 

importation scenarios for 2050 were considered and are detailed in the interpretation step. Lastly, 



 

163 

 

the electric energy required for indirect processes values were taken from secondary sources [25, 

79].  

In line with the study scope, embodied carbon is the only impact indicator analysed at the impact 

stage. The interpretation of the LCA results include examining several decarbonisation pathways in 

both the steel and cement sector. In addition, several transportation scenarios were considered for 

GGBS. For the baseline scenario, a weighted average between the top four GGBS importers 

(comprising 77% of all slag imports to the UK) was considered which include the Netherlands, Spain, 

France, and Japan. Six different importation scenarios were considered for 2050: (1) the 2023 GGBS 

import countries and their import ratios, (2) equal import from the assumed top three steel 

producers (China, India, and Japan), (3) all GGBS import from China, (4) all GGBS import from India, 

(5) all GGBS import from Japan, and (6) a global transport average. The global average scenario 

considers a weighted average based on the GGBS amount of the seven exporting countries 

assessed. 

2.5. Economic Modelling  

To perform a sensitivity analysis on the impact of the allocation method, the economic value of iron 

and GGBS in 2050 must be predicted. A robust, time series methodology was tailored to address the 

inherent volatility and inconsistencies in trade flow data [80, 81]. Outliers were removed to reduce 

variation in the dataset. An ARIMA [82] model was used to predict future trends and cyclical patterns, 

and the model was implemented in Python. The prediction provided insights into the long-term 

price movements of slag and steel up to 2050 (SI, section S7). Although regional differences were 

observed, the volatility of material production and value results in wide confidence intervals 

regardless of source. Therefore, the same changes in economic value of material were applied to all 

countries of interest to enable useful comparison. 

3. Results 

3.1. Material Flow Analysis 

The results of each MFA conducted are shown in Figure 3a through Figure 3d, where Figure 3d shows 

the effects of a high transition in both sectors globally. The MFA of both the low and medium 

transition scenarios can be found in the SI (SI, section S8), but the numerical outcome of both 

analyses is discussed below. Examining the UK baseline (Figure 3a), it was determined that 7.5 Mt 

of steel and 15.24 Mt of cementitious materials are consumed annually. Although not directly 

relevant to the analysis, the UK exported 2.6 Mt, imported 4.5 Mt, and domestically produced 5.6 Mt 
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of steel. This indicates that the trade of steel is broadly driven by specialisation of UK manufacturers 

in different steel grades and products but also highlights that the domestic circular economy in steel 

is fractured. Consequently, this may be limiting the domestic availability of sufficient high-quality 

grades of scrap as well as increasing UK reliance on complex global supply chain routes (in a similar 

parallel to the cement industry as noted below). Currently 1.1 Mt of UK steel is produced via EAF, 

however the expected complete shift to secondary steelmaking by 2050 (Figure 3b) will increase the 

UK global market share of EAF steel to 0.59-0.83%, depending on global trends (Figure 3d). China, 

India, and Japan are expected to remain dominant producers in 2050, accounting for at least 263 Mt 

of global EAF steel (37.5% of production). While the total consumption of cementitious materials is 

expected to stay constant to 2050, the reduction in clinker factor in the UK cement sector will 

increase demand for SCMs from 3.23-6.86 Mt, whilst reducing clinker demand from 10.74-7.62 Mt. 

This will reduce reliance on existing material sources (Spain, France, Algeria, and Ireland), but at 

least 2.54 Mt will still need to be imported. The assumption that GGBS demand will stay as a 

constant proportion of SCM use in the UK (17% of cement mix design) means the demand volume 

falls slightly to 2.59 Mt in 2050. This is a major supply chain risk to the sector, as the global demand 

for GGBS (366 Mt) will outstrip supply (274 Mt to 353 Mt available, depending on the transition 

scenario) due to increased SCM consumption (a 62% rise) as global clinker rates drop and BOF 

steelmaking decreases globally as illustrated in Figure 3d. As shown in Figure 3c, the consumption 

of CC (2.13 Mt) and limestone filler (2.13 Mt) also rises dramatically in the UK (accounting 62% of 

SCMs by 2050). However, this is also true globally which will demand approximately 871 Mt of each 

by 2050. Although the analysis of these materials is not the core focus of this study, this will 

compound issues surrounding the UK’s reliance on imported material. This could leave UK 

manufacturers vulnerable to material availability and cost, and therefore impact the sector’s 

competitiveness and rate of decarbonisation. 
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Figure 3a: UK MFA 2023, where all values are in Mt/year. 

 

Figure 3b: UK MFA 2050, where all values are in Mt/year. 
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Figure 3c: Global MFA 2023, where all values are in Mt/year. 

 

Figure 3d: Global MFA 2050 under the high scenario, where all values are in Mt/year. 

3.2. Carbon Emissions 

The analysis conducted indicates that the current combined global baseline carbon emissions for 

both the cement and steel sector is approximately 6.6 GtCO2eq/yr. Whilst the cement sector value is 

in broad agreement with figures reported by the IEA [25], the steel sector value is approximately 

20% higher [2]. As outlined, this study relies on a range of secondary data sources and a top-down 

data collection approach, which due to error truncation, is likely to result in an overestimation of 

values. However, the correlation of this combined global value gives confidence that the analysis 
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performed is accurate enough to make predictions on the likely outcomes of the described 

transition scenarios and decarbonisation pathways. If both the highest rate of steel and cement 

production route transition is undertaken, as outlined in Table 1, alongside the implementation of 

all sector specific decarbonisation pathways, it is likely that the combined global carbon emissions 

will fall to approximately 2.9 GtCO2eq/yr by 2050, representing a joint emissions reduction of 56%. 

The effects of each scenario are explored on a sectoral level in Section 3.3. 

The overall carbon emissions of each country or region of analysis are a function of material volume 

produced, split in production route, and the carbon intensity of each production route. As expected, 

results shown in Figure 4a indicate that carbon emissions arising from the UK steel sector will 

reduce by between 74% and 84%, depending on the decarbonisation pathway, due to the transition 

to EAF steelmaking. This represents a reduction in overall emissions to approximately 2 MtCO2eq 

from 10.2 MtCO2eq at the baseline. Emissions within the UK cement sector are expected to decrease 

between 2% and 56% compared to the baseline depending on the decarbonisation scenario; 

significantly less than the reduction potential expected from the steel sector. The higher range 

present in the expected cement sector reduction potential is attributed to the lack of certainty in 

decarbonisation strategy implementation. The UK steel sector’s action calling for a complete shift 

to EAF steelmaking allows for a greater predicted emission reduction, whereas the cement sector 

can only estimate reductions based on minimum reported reduction values. Despite cement having 

a lower carbon intensity value (0.281 kgCO2eq/kg) when compared to steel produced by EAF (0.312 

tCO2eq/t) under the 2050 UK SDS high cement decarbonisation scenario, the overall emissions 

associated with cement production (3.71 MtCO2eq) are more than double that of steel production 

(1.81 MtCO2eq) due to the predicted production volume of cement being higher than that of steel. 

Examining the global market, as shown in Figure 4b, the current cement and steel sector baseline 

carbon emissions are 2.8 GtCO2eq/yr and 3.8 GtCO2eq/yr respectively. Also as indicated by Figure 

3b, in the cement sector, these values are expected to decrease in 2050 by 25-66% depending on 

the cement transition scenario as well as the rate of implementation of regional decarbonisation 

strategies which have been modelled. The global steel sector will likely see a reduction in carbon 

emissions by 14-49% depending on the implementation of each decarbonisation pathway and EAF 

transition, and this rate of decarbonisation will have a direct impact on the cement sector as 

symbiosis through GGBS is present globally. This means that a reduction of overall emissions arising 

from the steel sector to between 3.3 to 1.9 GtCO2eq/yr, by 2050, is likely. The results shown in Figure 

4 are a global average, but analysis indicates that in relative terms, India is likely to experience the 

greatest reduction in carbon emissions due to the modelled increase in EAF steelmaking despite 
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having the most carbon intensive sources of electricity and fuel. The world’s largest steel producer, 

China, is also predicted to see a reduction in emissions and a small move towards EAF steelmaking. 

However, the country is still likely to contribute to at least half the global sector's emissions, even 

under the most ambitious decarbonisation targets. The production dominance of China, India, and 

Japan means that they contribute significantly to the global scenario. 

 

Figure 4: (a) UK, (b) global combined steel and cement sector emissions at the baseline (2023) and 

in 2050 under the specified scenario. 

3.3. Sector Level Carbon Intensity 

3.3.1. Steel  

Using the LCA methodology described in Section 2.4, the carbon intensity of both steelmaking 

routes within each country under each decarbonisation scenario was determined as shown in 

Figure 5. It has been calculated that the baseline global carbon intensity of BOF and EAF steelmaking 

is 2.45 and 0.99 tCO2eq/t respectively. Depending on the decarbonisation pathway selected, these 

values are likely to reduce to between 2.31 and 1.59 tCO2eq/t and 0.57 and 0.39 tCO2eq/t 

respectively. The analysis indicates that the UK is likely to have the lowest EAF steelmaking carbon 

intensity (between 0.47 and 0.31 tCO2eq/t) primarily due to ambitious regional electricity 

decarbonisation targets that should result in an overall grid intensity that is at least half that of the 

global average. Although not directly explored here, if the UK were to retain a complementary BOF 

steelmaking capability, this analysis indicates that it could significantly reduce its carbon intensity 

from 2.28 tCO2eq/t to between 2.23 and 1.53 tCO2eq/t. The potential reduction in intensity is very 
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similar to India and Japan, highlighting the minimal influence of regional decarbonisation efforts 

(e.g. electricity grid) in comparison to process decarbonisation through technology improvements 

(e.g. CCUS or hydrogen). 

 

Figure 5: Carbon intensity (tCO2eq/t) of steelmaking in each assessed country or region, under 

each decarbonisation scenario. 

3.3.2. Cement 

Ensuring the consistent use of the most representative allocation method within a system is vital to 

allow for effective cross-study, and cross-sector, comparison. The mass allocation of carbon 

intensity between iron and BFS was taken as 78.12% to 21.88%. Figure 6a illustrates the differences 

in proportion between economic allocation procedure by country. The economic allocation 

between iron and GGBS produced in the UK was calculated as 94.5% and 5.5%, respectively. 

Examining the values for China, India, and Japan it was found that the percentage allocation for iron 

and GGBS was similar between China and Japan (99.5% and 0.5%). In India the lower value of iron 

resulted in a higher percentage of emissions being allocated to GGBS (96.1% and 3.8%, 

respectively). The economic allocation of these materials is in broad agreement with existing 

studies [83]. Price volatility over the last decade underscores why future price estimation is 

necessary to accurately assess a co-product’s future environmental impact. It was determined that 

from 2023 to 2050, the price of iron and GGBS is expected to increase by 283.5% and 24.6%, 

respectively. This results in the economic allocation between iron and GGBS in the UK shifting to 
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97.5% and 2.5% respectively. As shown in Figure 6b, the use of economic allocation results in a 

significant reduction in the carbon intensity of GGBS because of the reduced allocation proportion 

associated with the material. The carbon intensity of GGBS at the UK baseline is 0.48 kgCO2eq/kg 

when mass allocation is selected. However, when economic allocation is applied, this drops to 0.15 

kgCO2eq/kg. In 2025, the MPA reported that the carbon intensity value (with economic allocation 

applied) for GGBS is equal to 0.155 kgCO2eq/kg [84]. The similarity between this study’s calculated 

carbon intensity value and the reported MPA value supports the accuracy of the inventory data and 

economic values utilised. The difference in carbon intensity values present between the two 

allocation methods is primarily due to the economic value of GGBS. As its value is significantly lower 

than that of iron, the percentage allocated is also much lower. Out of the three countries assessed, 

GGBS from China exhibits the lowest carbon intensity with the value being 16% lower than the UK 

current economic baseline, despite the emissions associated with material transport. It is evident 

that economic allocation it is the best method to represent a complex, interlinked system because 

it better represents real world changes over time. 

  

Figure 6: (a) Economic allocation percentages, (b) Impact of mass [M] and economic [E] allocation 

on GGBS carbon intensity. 

Figure 7 illustrates the carbon intensity for the UK cement sector under the SDS steel 

decarbonisation pathway scenario. Multi-source scenarios consider GGBS imports from multiple 

countries to determine an overall carbon intensity, while single-source scenarios theoretically 

assess the carbon intensity of GGBS imported from a specific country. The baseline carbon intensity 

for cement in the UK is approximately 0.65 kgCO2eq/kg with clinker production comprising 81% of 

the total intensity. As expected, the overall cement carbon intensity decreases from the low to high 

transition scenarios, with the carbon intensity contribution from SCMs (CC, limestone, and FA) and 

GGBS increasing and the carbon intensity contribution of clinker decreasing. This shift is largely due 

to the decrease in clinker factor, with the lowest overall intensity at 0.29 kgCO2eq/kg – in which 
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GGBS is sourced equally from China, India, and Japan under the high cement transition scenario. 

Although the mass ratio between all SCMs remains constant throughout each 2050 scenario, the 

change in clinker factor results in an increase in SCM consumption, resulting in a greater 

contribution from all SCM’s (including GGBS) toward overall intensity. The utilisation of sector wide 

decarbonisation pathways including CCUS, electrification, and the use of alternative fuels has the 

potential to reduce cement carbon intensity and thus emissions by over 50% in the best case. 

However, the route to implementation of these strategies is unclear. 

 

Figure 7: UK cement sector carbon intensity at the baseline and in 2050 under the best-case steel 

(SDS) and cement decarbonisation scenario (mass allocation). 

3.4.  Sensitivity Analysis 

The core assumption of this study is that the UK will source GGBS in the future in an equal split 

between the dominant steel producers (China, India, and Japan), primarily as a method of supply 

chain risk management. However, it is likely that there will be periods of time where this is not the 

case, therefore it is important to understand the effect of sourcing from a single country; under the 

assumption that the material quality threshold is met. The average transportation distance 

between the UK and each country by sea is shown in Table 2, where the average is defined as the 

mean distance between the three busiest ports by material volume of each country (SI, Section S6). 
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Table 2: Sea transportation distance (km) between the UK and relevant countries. 

Country Average distance to the UK by sea (km) 

China 22,354 

India 14,639 

Japan 23,309 

 

As shown in Figure 7, the transportation distance and source can have a significant impact on the 

emissions associated with GGBS, and ultimately the resultant cement produced within the UK. 

Despite the very similar transportation distance between China and Japan (a difference of 3.9%), 

importing wholly from China could result in a maximum reduction in GGBS intensity of 1% 

compared to multi sourcing - primarily due to ambitious regional electricity decarbonisation targets 

despite the transport distance. Importing solely from India would result in a maximum GGBS 

intensity reduction of 16%, despite a greater than average steelmaking intensity. Whilst Japan’s 

greater transportation distance (a difference of 44.6% compared to India) results in a minimum 

increase in GGBS intensity of 8% when compared to multi sourcing – highlighting the ‘hidden’ 

contribution of transport. This is significant as many LCA studies choose to exclude the effects of 

transport [72]. Although single sourcing could substantially reduce the emissions associated with 

GGBS, this could leave the UK cement sector vulnerable to significant supply chain, geopolitical, 

and transport related risks which could negate the environmental benefits. 

4. Discussion 

4.1.  Theoretical Implications 

This study has investigated the current and future carbon intensity and emissions, of key global 

steel producers (China, India, Japan, and the UK) and the global average, under three steelmaking 

route transition scenarios as well as quantifying the effects of regional and global decarbonisation 

efforts. These efforts are intrinsically linked to those of the global cement sector, particularly in the 

UK, due to the reliance on GGBS as a SCM. Therefore, this study assumed the industry will continue 

to use GGBS sourced from the dominant global steel producers due to a complete reduction in 

domestic production and consequently investigated the current and future carbon intensity and 

emissions associated with UK produced cement. 

Our findings show that carbon emissions of steel produced in the UK will drop by up to 84% by 2050, 

against a global reduction of 49%; and could leave the UK responsible for just 0.09% of global 

steelmaking emissions. This is due to the predicted ‘green’ nature of the UK’s electricity grid, and 
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the use of this as primary fuel within entirely secondary steelmaking. However, the predicted 

volumes of steel produced are only enough to satisfy domestic demand. These reductions in 

emissions rely on regulatory change to ensure scrap steel supply chains can satisfy domestic 

demand. Otherwise scrap imports will continue, and such supply chain dependency will reduce 

resilience and security of UK steelmaking. China, India, and Japan will see a reduction in emissions 

and associated intensities but due to differences in production volumes, regional decarbonisation 

pathways, and the scale of EAF transition these are reduced compared to the UK decarbonisation 

rate. Implementation of these strategies within the global steel industry means that the UK cement 

sector will, consequently, also decarbonise. Emissions associated with cement production in the UK 

are predicted to fall by up to 56%, driven by regional and sectoral decarbonisation strategies, but 

also the reduction in the carbon intensity of GGBS as a result of decarbonisation efforts within the 

steel sector. The reduction potential is much smaller because of the emissions incurred through 

GGBS transportation and source. Consequently, the use of potential decarbonisation technologies 

in the cement sector (including CCUS and electrification) must be accelerated at a similar pace to 

the steel sector. 

4.2.  Industrial and Policy Implications 

The positive efforts to reduce the environmental impact of UK steelmaking does have the potential 

to destabilise, disrupt, and decouple the symbiotic link between two of the UK’s most important 

foundation industries - the products of which are vital to support continued economic growth. 

Although it is difficult to predict global changes with absolute certainty, it is likely that global 

steelmakers will accelerate steelmaking transitions in effort to decarbonise their own economies. 

This will ultimately reduce the global supply of GGBS further, leading to greater than modelled value 

increases, which could leave UK cement producers severely exposed to global supply chain failure. 

If the cement industry does not seek to accelerate its own pathway at the same rate as steelmaking, 

supported by overarching policy [85] with targets to capitalise on novel technological solutions (i.e. 

EAF derived low carbon cement), it will struggle to effectively decarbonise. This, compounded by 

the fact that there are few viable short to medium term SCM alternatives readily available in the UK, 

could ultimately result in a return to domestically produced PC; the adverse environmental impact 

of which would be higher than that studied in the baseline case. This would significantly hamper 

the UK’s efforts to meet wider climate change mitigation targets in pursuit of net zero by 2050.  

4.3.  Study Limitations 
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This study has taken a robust approach to its analysis of cement and steel production; there are 

three key limitations to the study which could be tackled within a larger assessment, or as data 

availability changes. Firstly, the scenarios which have been modelled are relatively simplistic. This 

implies that the transitions toward secondary steelmaking or a lower clinker factor are discrete (i.e. 

only low, medium, or high) and are not currently assessed comparatively (i.e. low cement, high 

steel). This means that the study results are at the extreme ends of likelihood, and policy makers 

may benefit more from an increased number of scenarios. Secondly, although all data has been 

taken from a range of high-quality secondary sources which are regionalised where possible, the 

precision of the analysis could be enhanced by introducing additional, primary, data sources as 

these become available. Finally, introducing additional scenarios related to UK steelmaking which 

examine the effect of a reducing percentage of steel production transitioning toward secondary 

steelmaking would reflect the expected future trajectory of changes in domestic priorities. 

Therefore, the effect of this on steel-cement symbiosis could be holistically assessed.  

5. Conclusion 

Cement and steel are materials which are fundamental to modern infrastructure, but both have 

significant environmental impacts as a result of their energy- and process- intensive processes. 

However, both are intrinsically linked through the symbiotic use of GGBS which is primarily used as 

a performance enhancing, and carbon intensity reducing material within blended cements. This 

research has effectively characterised current and future carbon emissions, carbon intensities, and 

general landscape of global and UK steel production. Consequently, it has also characterised the 

current and future carbon emissions, carbon intensity, and general landscape of UK cement 

production using GGBS as a SCM - a key by-product of the BOF steelmaking route. In the work 

presented, it has been shown that UK steel production is projected to reduce carbon emissions by 

up to 84% by 2050, significantly exceeding the anticipated global reduction of 49%. 

This outcome is primarily driven by the decarbonisation of the electricity grid and the adoption of 

secondary steelmaking processes. This reduction in carbon emissions in the steel sector will also 

contribute to a 56% decrease in emissions from the domestic cement industry, due to the lower 

carbon intensity of GGBS. However, these benefits are contingent upon the development of resilient 

domestic scrap steel supply chains and coordinated sectoral strategies. To achieve long-term 

industrial decarbonisation, parallel advancements in cement sector technologies and supportive 

policy interventions are imperative. 
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This work provides a robust methodology to analyse and effectively describe the effect of 

decarbonisation on the anticipated emissions of both the global and UK steel sectors, and the UK 

cement sector. Thus, also the effect on the symbiotic relationship between the cement and steel 

sectors in the UK. The enhanced understanding of the trajectory of both sectors will allow for more 

effective domestic planning in relation to meeting wider climate change mitigation targets. 

However, opportunity exists to extend this research to assess how a change in domestic steel supply 

chains can be supported, through technical and regulatory processes. This would ensure that high-

quality steel scrap can be reused to produce further high-quality steel products to support both UK 

and global infrastructure. Additionally, the supply chain risk to the UK cement sector, with respect 

to GGBS, is clear. Therefore, a detailed supply chain analysis should be carried out to gain a better 

understanding of which manufacturers are producing GGBS within the regions of dominant BOF 

based steel production, what their decarbonisation pathways and targets are, and ultimately 

whether this poses a true risk to the UK supply of GGBS. Additionally, extending the methodology 

adopted in this study to assess other SCMs (e.g. CC) would enhance the understanding of the true 

emissions associated with cement production. This new understanding could also be linked to the 

development of more effective sustainability indexes for these materials (much like those 

developed for the chemical industry) [86]. There is also an opportunity to advance the attributional 

LCA methodology into either a consequential or dynamic model to account for fluctuations in 

material volumes and coefficient values (e.g. emission factors) over time, respectively. Such further 

research will solidify the understanding of the symbiotic relationship between two major 

foundation industries and ensure that regional and global decarbonisation efforts towards net-zero 

do not bring additional risk or result in deindustrialisation of vital segments of global economies. 
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Supplementary Information  

This supplementary information file provides full details of the methods and data used for the 

analysis presented in the article Whittle et al. “From symbiosis to scarcity: Evaluating disruption 

associated with decarbonisation to circular waste materials between the UK cement and steel 

sectors”. The following sections describe the methods and data for: 

 

S1: Steelmaking Process Intensity  

S2: Electricity and Fuel Emission Factors 

S3: Fuel Mix 

S4. Carbon Intensity of Clinker 

S5. Allocation Procedure for blast furnace by-products  

S6. Transportation  

S7. Economic Modelling  

S8. Material Flow Analysis 

 

Additional information, data, and calculations supporting this publication is contained within the 

University of Sheffield research data repository at https://doi.org/10.15131/shef.data.29224874.v1, 

and can be freely used under the terms of the Creative Commons Attribution (CC BY) license. 

 

S1: Steelmaking Process Intensity 

The baseline energy intensity (GJ/tonne of steel) for each steel production process was derived from 

values provided by WorldSteel [1]. Two future process intensity values were examined through the 

application of different decarbonisation pathways. The first is the ‘Stated Policies Scenario’ (STEPS) 

which takes into account countries’ energy and climate related commitments through to 2050. The 

second is the ‘Sustainable Development Scenario’ (SDS) which sets out the major changes required 

to reach the main energy-related goals of the UN Sustainable Development Agenda [2]. In order to 

contextualise these, an additional ‘business-as-usual’ (BaU) 2050 scenario has been included which 

does not see any process decarbonisation, but does take into account general electricity, fuel, and 

material decarbonisation. The process energy intensity under each scenario is shown in Table 1. 
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Table 1: Energy intensity (GJ / tonne of steel production) of BOF/EAF steelmaking  

Process Route Baseline BaU STEPS SDS 

BOF 23.00 23.00 18.98 16.61 

EAF 10.20 10.20 8.42 7.37 

Average 19.39 19.39 16.00 14.00 

 

 

S2:  Electricity and Fuel Emission Factors 

As outlined by Wang, et al. [3], there are a number of regional disparities in emission 

decarbonisation pathways with the majority focussed on GHG emissions reduction through a range 

of cross-sector strategies. However, in each, significant focus is placed on the reduction in the 

carbon intensity of electricity between the time of pathway publication and 2030. Most countries 

have a target to reach net zero by 2050, however to enable the inclusion of electricity as an input 

variable in this study, the conservative assumption that countries will reach their respective 2030 

targets by 2050 is used. Therefore, it is assumed that each region's general decarbonisation plan 

will result in the same reduction in electricity carbon intensity (e.g. a 30% reduction in peak (2025) 

emissions by 2030). To determine the carbon intensity and emission factors of other fuels used in 

this study, a range of regionalised sources have been used including the UK Government GHG 

Conversion Factors [4] and China Products Carbon Footprint Factors Database [5]. Where the 

dataset could not be regionalised (e.g. biomass in each country), the UK value has been used as a 

verifiable, conservative estimate. It has also been assumed that the emission factor intensity of each 

fuel (except electricity) will not reduce between the baseline scenario and 2050 because there are a 

number of wide ranging factors which could affect each of these transitions, and these are not the 

primary focus of this study. These are outlined in Table 2. 
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Table 2: Emission factors for relevant electricity and fuel for Steel and Cement Production 

(kgCO2eq/GJ) 

Country Electricity Ref. Coke Ref. 
Fuel 

Oil 
Ref. 

Natural 

Gas 
Ref. Biomass Ref. 

2023 

UK 56.93 [4] 104.65 [4] 79.23 [4] 56.29 [4] 3.14 

[4] 

China 161.67 [6] 81.43 [5] 74.03 [5] 60.00 [5] 3.14 

India 198.06 [6] 93.61 [7] 77.40 [8] 56.10 [8] 3.14 

Japan 134.72 [6] 98.30 [9] 77.40 [9] 56.10 [9] 3.14 

Global 127.78 [10] 107.00 [11] 74.10 [11] 56.10 [11] 3.14 

2050 

UK 25.62 [3] 104.65 [4] 79.23 [4] 56.29 [4] 3.14 

[4] 

China 113.17 [3] 81.43 [5] 74.03 [5] 60.00 [5] 3.14 

India 128.74 [3] 93.61 [7] 77.40 [8] 56.10 [8] 3.14 

Japan 72.75 [3] 98.30 [9] 77.40 [9] 56.10 [9] 3.14 

Global 44.72 [3] 107.00 [11] 74.10 [11] 56.10 [11] 3.14 

 

S3. Fuel Mix 

As described by the IEA, the overall demand for material will increase under the policies currently 

described by steel producing countries. However, as noted in Table 2 the average energy intensity 

of steelmaking will drop in 2050. This suggests that the fuel mixture of each process will also shift in 

favour of electricity driven and more sustainable processes. This drop is also reflective of the overall 

shift to EAF production routes which is reflected in the transition scenarios. The aggregated fuel 

mixture for each production route, under each scenario is shown in Table 3.  
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Table 3: Fuel mix of each steelmaking route under the baseline, BAU, STEPS, and SDS 

scenario 

Steelmaking Route Fuel/Material Baseline Ref. BAU STEPS SDS Ref. 

BOF 

Coke 89.0% 

WSA [12] 

89.0% 86.0% 84.0% 

IEA [2] 

Oil 0.6% 0.6% 0.6% 0.4% 

Natural Gas 3.0% 3.0% 3.0% 3.0% 

Biofuel 0.4% 0.4% 1.4% 3.6% 

Electricity 7.0% 7.0% 9.0% 9.0% 

EAF 

Coke 11.0% 11.0% 8.9% 8.0% 

Oil 0.6% 0.6% 0.6% 0.6% 

Natural Gas 38.0% 38.0% 31.0% 35.0% 

Biofuel 0.4% 0.4% 1.0% 3.0% 

Electricity 50.0% 50.0% 58.5% 53.4% 

 

S4. Carbon Intensity of Clinker 

The carbon intensity of the clinker component CICl consists of process emissions occurring from the 

breakdown of calcium carbonate into carbon dioxide and calcium oxide in the kiln (CIPe) and the 

carbon intensity of the kiln’s fuel mix (e.g. the product of the carbon intensity of the fuel mix (FMCi) 

and the energy intensity of clinker production (CIEi). This calculation is demonstrated in Equation 1, 

and the specific values selected for both the UK and global scenarios are noted in Table 4.  

 

𝐶𝐼𝑐𝑙  (𝑘𝑔𝐶𝑂2𝑒𝑞/𝑘𝑔) = 𝐶𝐼𝑃𝑒(𝑘𝑔𝐶𝑂2𝑒𝑞/𝑘𝑔)  +  𝐶𝐼𝐸𝑖  (𝑀𝐽/𝑘𝑔)  ∗  𝐹𝑀𝐶𝐼  (𝑘𝑔𝐶𝑂2𝑒𝑞/𝑀𝐽) 

Equation 1 

Table 4: Clinker Carbon Intensity Inventory Data 

Variable Unit United Kingdom Global 

Clinker process emissions kgCO2eq/kg 0.49 Shen, et al. [13] 0.49 Shen, et al. [13] 

Energy intensity of clinker 

production 
GJ/t clinker 3.7 IEA [14] 3.55 IEA [15] 

Carbon intensity of fuel mix kgCO2eq/MJ 0.07 
Summerbell 

[16] 
0.09 

Summerbell 

[16] 
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S5. Allocation Procedure for blast furnace by-products  

When a process produces more than one product, the environmental impact must be divided 

between each product. In the case of the blast furnace process there are two outputs of value: crude 

iron which is the main product and BFS which is the by-product. The two allocation procedures 

considered for this study are by mass and economic values. The mass allocation coefficient value 

(Cm) was calculated using Equation 2 where mBFS and mCrude Iron are the mass values in tonne of BFS 

and of crude iron, respectively.  

 

𝐶𝑚 =
𝑚𝐵𝐹𝑆

𝑚𝐶𝑟𝑢𝑑𝑒 𝐼𝑟𝑜𝑛+𝑚𝐵𝐹𝑆
   

Equation 2 

 

The blast furnace process is responsible for approximately 87% of all energy consumption within 

the BOF production route [17]. This value is unlikely to change within the overall process, however 

the overall energy consumption of this route will drop. Therefore, allocation by mass was 

determined using the known mass of iron and BFS produced within each country as noted in the 

MFA. To calculate the economic allocation coefficient value (Ce), Equation 3 was used where the 

2023 economic values in pound sterling (£) of BFS and crude iron are noted as evBFS and evCrudeIron, 

respectively. For the purpose of this study, the economic value for GGBS was assumed to be equal 

to that of BFS.  

 

𝐶𝑒 =
𝑚𝐵𝐹𝑆 ∗ 𝑒𝑣𝐵𝐹𝑆

(𝑚𝐶𝑟𝑢𝑑𝑒 𝐼𝑟𝑜𝑛 ∗ 𝑒𝑣𝐶𝑟𝑢𝑑𝑒 𝐼𝑟𝑜𝑛) + (𝑚𝐵𝐹𝑆 ∗ 𝑒𝑣𝐵𝐹𝑆)
 

Equation 3 

The export values of iron and slag to the UK were analysed for China, India, and Japan. In addition, 

a global average export value was also determined. The UK export price was also evaluated. These 

values were obtained from the UN Comtrade trade database [18]. In order to utilise BFS as a SCM in 

blended cement mixes, it must undergo grinding and granulation to become GGBS. Input data for 

this process was obtained from Ecoinvent 3.8. The fuel and electricity emission factors were 

regionalised using each country’s respective fuel mix and were assumed to be the same as the 

values utilised for the steel sector’s calculations as noted in Table 2. While the HS tariff code for 

granulated blast furnace slag (HS Code 2618) does not distinguish if a slag has been ground or not, 

it was assumed all slag imported to the UK is GGBS. To determine the 2050 economic values for both 
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products, the price prediction methodology outlined in section 2.5 was used. Table 5 notes the 2023 

and 2050 economic values for both iron and GGBS for each respective country and the emission 

allocation percentage for each product.   

Table 5: Economic Allocation of Iron and BFS (GGBS) 

Material Country 
£/kg 

% Change 
% Allocation 

2023 2050 2023 2050 

Iron 

UK 0.86 2.44 

283.54% 

94.48 97.49 

China 0.52 1.46 99.56 99.80 

India 0.38 1.08 96.16 98.29 

Japan 0.43 1.21 99.51 99.78 

Global 0.41 1.16 98.63 99.39 

GGBS 

UK 0.18 0.22 

24.63% 

5.52 2.51 

China 0.01 0.01 0.44 0.20 

India 0.01 0.02 3.81 1.71 

Japan 0.01 0.01 0.49 0.22 

Global 0.02 0.03 1.37 0.61 

 

S6. Transportation  

To calculate the transportation distances, the top three ports by import value were selected for the 

UK and the top three ports by export value were selected for each exporting country assessed [19]. 

The distance from each exporting country’s start port to each UK end port was then determined 

[20]. The county average travel distance was taken as the average distance between all three UK 

end ports and each exporting country’s top three ports. The carbon intensity of the sea freight for a 

bulk carrier cargo ship was taken as 0.0035 kgCO2e/t.km [4]. Table 6 summarises the average carbon 

intensity of material transportation by country. To determine an average global transportation 

carbon intensity for GGBS imports, a weighted average was taken based on the amount of GGBS 

imported from seven GGBS exporting countries (China, India, Japan, Spain, France, Ireland, and the 

Netherlands) in 2023. This value was found to be 0.0197 kgCO2eq/kg.  
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Table 6: Average Carbon Intensity of Material Transportation by Country 

Country Average distance UK to Country by sea (km) kgCO2e / t kgCO2e / kg 

China 22354 78.91 0.0789 

India 14639 51.67 0.0517 

Japan 23309 82.28 0.0823 

Spain 3365 11.88 0.0119 

France 607 2.14 0.0021 

Algeria 3671 12.96 0.0130 

Ireland 822 2.90 0.0029 

Netherlands 704 2.48 0.0025 

 

S7. Economic Modelling  

S7.1 Time Series Model 

For this time series analysis, we implemented a straightforward yet robust methodology [21, 22] 

tailored to address the inherent volatility and inconsistencies in the data. We began by pre-

processing the dataset to enhance its suitability for forecasting. Given the significant price 

fluctuations in both pig iron and slag prices, we identified and removed outliers that could distort 

the predictive models. Specifically, we observed that outliers accounted for 3.47% of slag export 

prices, 12.50% in slag import prices, 12.85% in pig iron import prices, and a notably higher 18.40% 

in pig iron export prices. Removing these outliers helped to stabilize the dataset and improve model 

accuracy. 

For the forecasting stage, we evaluated both ARIMA [23] and Prophet [22] models in Python [24], 

selecting the ARIMA model based on its superior performance in capturing the trends and cyclical 

patterns of our data. ARIMA is particularly suited for time series with strong autocorrelation, as it 

models data points based on their previous values. This made it a good fit for our dataset, which 

displayed clear patterns and seasonality in pig iron and slag prices. Prophet, while effective in some 

scenarios, did not perform as well in this case due to the unique volatility of the data. By choosing 

ARIMA, we achieved better accuracy and forecast reliability, offering more actionable insights into 

long-term price movements up to 2050. 

S7.2 Historical Data (2000-2023) 

Figure 1 shows iron and slag exportation and importation prices. Slag export prices are relatively 

volatile, with frequent spikes, while import prices show a gradual increase with occasional peaks. 
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This suggests that slag prices may be influenced by shorter-term supply-demand factors. Overall, 

the historical data indicates that slag prices experience frequent, potentially local disruptions. On 

the other hand, pig iron export and import price plots show distinct trends compared to slag. Pig 

iron export prices exhibit significant volatility, with frequent and sharp spikes throughout the 

observed period, indicating that exports could be highly sensitive to global demand and supply 

shocks. Peaks in export prices may correlate with global disruptions in raw material availability or 

shifts in industrial production. Conversely, pig iron import prices show a generally lower and more 

stable trend, with occasional fluctuations. This stability might indicate a reliance on consistent 

international suppliers or less frequent market disruptions affecting imports. The relatively lower 

volatility in import prices compared to export prices suggests that domestic industries depend on 

stable pricing to ensure predictable production costs. 

 

 

Figure 1: Historical Slag and Pig Iron Import and Export Prices, 2000-2023 (£/kg) 

 

Figure 2 shows the monthly price distribution from 2000–2023 for slag and pig iron exports and 

imports. Slag exports and imports exhibit a high monthly variability, with larger interquartile ranges 

and more outliers, especially in the spring and summer months (April–July). This seasonal 

fluctuation could indicate periods of heightened demand or supply disruptions, which could be 

driven by industry-specific factors or market demand cycles. Conversely, pig iron exports show a 

higher degree of monthly variability compared to slag. The interquartile ranges are wide, and the 

presence of numerous outliers indicates significant price fluctuations, possibly influenced by 

volatile global market conditions or supply chain disruptions. Pig iron imports, on the other hand, 

display more stability, with narrower interquartile ranges and fewer outliers. This stability suggests 
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consistent sourcing and supply dynamics, minimizing monthly price swings. However, minor 

variability is observed, particularly in summer months, which could be attributed to seasonal 

production cycles or shifts in demand. Overall, pig iron prices exhibit the strongest contrast 

between exports and imports, with exports being more volatile and imports remaining relatively 

stable. This highlights distinct supply and demand dynamics for pig iron compared slag across 

international markets. 

 

Figure 2: Historical Slag and Pig Iron Import and Export Prices, Monthly Distribution 2000-

2023 (£/kg) 

S7.3 Model Evaluation  

Figure 3 evaluates the performance of ARIMA models for forecasting historical data and prices from 

2023 to 2050.  

a) Slag Exports: The model has a MAPE of 25.40%. However, the relatively low MSE 

(0.0009) and RMSE (0.0312) imply the model performs well for overall trend detection, 

though struggles with variability and sharp price changes.  

b) Slag Imports: This model exhibits the highest MAPE of 30.41%, reflecting substantial 

variability in slag import prices. Despite the low MSE (0.0003) and RMSE (0.0229), the 

high relative error suggests challenges in predicting localized price spikes or rapid 

changes in import conditions. 
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c) Pig Iron Exports: The model demonstrates significant variability, with the highest error 

rates—MAPE of 77.40% and RMSE of 0.7409. This indicates difficulty in capturing the 

highly erratic price behaviour of pig iron exports.  

d) Pig Iron Imports: Despite a relatively stable MAPE of 18.56% and low RMSE of 0.0111, 

the model shows increasing uncertainty in later years, reflecting the interplay of market 

forces and import dynamics. 

 

Figure 3: Import and Export Price Forecasting for Iron and Slag to 2050 (£/kg) 

Our model evaluation highlights the ARIMA model's performance in forecasting price trends for slag 

and pig iron exports and imports. Slag price models show higher relative errors (MAPE ~25–30%), 

reflecting difficulties in predicting their more variable and localized fluctuations. Pig iron price 

models exhibit the greatest variability, particularly for exports (MAPE ~77%), indicating challenges 

in modelling highly erratic price behaviours. Overall, the models are effective for general trend 

predictions but struggle with short-term price spikes and high-volatility scenarios, emphasizing the 

need for caution when interpreting results. 

S7.4 Conclusions  

The forecasted price trends provide insights into the projected growth of slag and pig iron prices 

over the next few decades. Slag export prices are predicted to increase by 24.63%, reflecting relative 

stability. The trend is flat, with wide uncertainty bands indicating possible volatility driven by 

localized supply and demand dynamics. Slag imports however present a substantial increase of 
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108.15% is forecasted for slag import prices, the highest among all categories. This suggests 

potential supply constraints or rising demand, with broader uncertainty indicating challenges in 

accurately forecasting these price dynamics. 

Pig iron exports prices are forecasted to increase dramatically by 283.54%, reflecting extreme 

volatility and the influence of global market conditions on exports. The steep rise and high 

uncertainty indicate significant unpredictability in future export dynamics. Pig iron imports prices 

are expected to grow by 138.50%, showing a more stable upward trend than exports but with 

considerable uncertainty by 2050, likely due to shifting import dependencies and market forces. All 

forecasts predict long-term price increases for slag and pig iron, reflecting growing demand and 

inflation. Both materials seem to exhibit volatility however, presenting uncertainty which grows 

significantly toward 2050, emphasizing the potential influence of unforeseen market disruptions 

and economic shifts. 

S8: Material Flow Analysis 

The results of each MFA conducted, not shown in the main manuscript, are shown in Figure 4 and 

Figure 5. These are the results of the global MFA under both the low and high transition scenarios. 

 

Figure 4: Global MFA 2050 under Low scenario, where all values are in Mt/year. 
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Figure 5: Global MFA 2050 under Medium scenario, where all values are in Mt/year. 
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7. Conclusions and Future Work 

7.1 Conclusions 

As the 2050 net-zero carbon target approaches, the UK cement and concrete sector, one of the 

country’s most energy-intensive industries, faces increasing pressure to rapidly decarbonise. This 

pressure has resulted in the inconsistent application of methodological approaches, overly 

optimistic assumptions, and a general lack of transparency across academic studies, industrial 

reports, and decarbonisation roadmaps. Therefore, this thesis aimed to investigate how the UK 

cement and concrete sector can realistically achieve net-zero by 2050 by assessing the 

implementation of standardised LCA practices, identifying viable decarbonisation pathways by 

considering economic, social, and political barriers, and analysing the wider cross-sector impacts 

of decarbonisation strategy implementation. 

To determine how the application of LCA methodology can be improved to provide a transparent, 

robust, and consistent representation of direct sectoral emissions across different energy-intensive 

industries to support more effective decision-making, a systematic literature review was 

conducted. By using a unique search string and removing off-topic, non-compliant, and non-

accessible articles, 256 articles (109 of which were cement LCA studies) were retrieved for analysis 

to assess how each study implemented the standardised LCA methodology specified by ISO 14040 

and ISO 14044. The results found that declared units were favoured over functional units despite 

the importance of considering performance in comparative studies. ‘Cradle-to-gate’ was the most 

commonly selected system boundary type due to the nature of LCAs for specific products. As a 

result, downstream flows, including a material’s use and end-of-life impacts, were often not 

assessed. The allocation procedure selected for the same by-product varied across different sectors 

with the cement sector favouring economic allocation and the steel sector favouring mass 

allocation. Most LCAs conducted relied heavily on secondary data due to difficultly obtaining 

primary data from industry. While this is the case, data quality checks on secondary data were often 

not carried out. Less than half the studies conducted a sensitivity or uncertainty analysis despite 

being a key component of LCA interpretation. To ensure the effectiveness of LCA as a decision 

making framework, it is recommended to use proper functional units when making comparative 

assertions, ensure cross-sector consistency when selecting an allocation procedure for by-

products, and utilise a ‘cradle-to-cradle’ system boundary where possible. It is also recommended 

to implement objective and transparent data quality checks, ensure greater uniformity across 

impact assessment methodologies and categories, and encourage the use of quantitative 

interpretation methods as specified in the standardised framework. By implementing these 
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recommendations, LCA application across energy-intensive industries can facilitate more informed 

decision-making in the pursuit of net-zero targets. 

To evaluate net-zero pathways in the UK cement and concrete sector with a high degree of certainty, 

accounting for varying levels of market readiness and technological maturity, decarbonisation 

strategies outlined in UK and EU roadmaps were assessed under two probability scenarios. The high 

probability scenario assumed that the minimum reduction potential reported for each 

decarbonisation strategy across all assessed roadmaps are achieved, and any remaining emissions 

must be met through the reduction of concrete demand. The low probably scenario assumed that 

the best practice reduction potential for high-maturity strategies are achieved and no reduction in 

demand is required. Any remaining emissions would be abated through the implementation of low-

maturity strategies. It was determined that in 2025, the UK cement and concrete market emitted 

approximately 9.5 MtCO2eq. Given the predicted 20% increase in cement and concrete consumption 

by 2050, 11.4 MtCO2eq must be abated to achieve net-zero targets. Under the high probability 

scenario, it is evident that 4.9 MtCO2eq remains unabated after the implementation of all high-

maturity and low-maturity decarbonisation strategies. To close this emissions gap, the demand for 

cement and concrete must be reduced. Current economic, social, and legislative barriers however 

limit the UK’s ability to implement circular strategies effectively.  For the UK to achieve net-zero 

emissions by 2050 under the low probability scenario, 59% of all emissions must be abated through 

the implementation of low-maturity strategies, which is economically and technically challenging. 

Therefore, the results indicate that it is unlikely for the UK cement and concrete sector to reach net-

zero unless concrete demand is reduced by 43% through the reuse and refurbishment of existing 

building stock. Given the time-critical nature of climate change mitigation, it is recommended to 

implement low-maturity strategies (e.g., CCS, electrification of the kiln) immediately and to begin 

shifting towards optimised best practice cases for high-maturity strategies (e.g., decarbonising the 

electricity grid, improving the thermal efficiency of the kiln). 

To examine how the UK steel sector’s shift to electric arc furnace production may affect 

decarbonisation efforts in the UK cement and concrete sector, given their existing cross-sectoral 

dependency, the future availability of GGBS, sectoral carbon intensities, and supply chain 

vulnerabilities were assessed. Due to the UK steel sector’s decarbonisation efforts, specifically their 

transition from primary to secondary steelmaking, the sector is projected to reduce its carbon 

emissions by up to 84% by 2050. While the global transition to secondary steelmaking is not as 

straightforward, a 14-49% reduction in the sector’s global carbon emissions is expected depending 

the rate of transition. This shift, both globally and domestically, will leave the global GGBS supply 
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chain vulnerable as the demand for GGBS will outstrip supply by as much as 28% assuming GGBS 

demand remains constant from 2025 to 2050. Over the same 25-year period, the UK cement sector 

is predicted to reduce its carbon emissions by up to 56%, however this reduction is subject to the 

sector’s ability and willingness implement strategies quickly and effectively. The price of blast 

furnace slag and iron is predicted to increase by 25% and 284%, respectively, resulting in GGBS 

having a lower carbon intensity, as iron carries a larger percentage of the environmental burden 

when allocation is based on economic value. While this is the case, the reliance on imports to meet 

demand may impact the material’s overall carbon intensity depending on the exporting country 

steel sector’s rate of decarbonisation and distance to the UK. To ensure industrial decarbonisation 

is achieved by 2050, the UK and global cement sector must implement decarbonisation strategies 

such as carbon capture and storage and alternative SCMs at the same rate as the steel sector to 

reduce cross-sector decoupling.   

From this, it can be concluded that in order for UK cement and concrete sector to feasibility achieve 

net-zero carbon emissions by 2050, several key approaches and decarbonisation strategies must be 

implemented. Advancing circular approaches is critical, therefore efforts should be directed 

towards reducing material demand across the sector’s entire supply chain. When reporting baseline 

and predicted carbon emissions, data and methodological transparency is needed. Lastly, greater 

symbiosis between different industrial sectors, and industry and academia, is essential to facilitate 

informed and sustainable decision-making within the UK’s built environment. Despite the 

comprehensive approach taken in this thesis, several limitations should be acknowledged. Since 

the implementation of decarbonisation strategies is influenced by economic, social, and legislative 

barriers, the scenarios and projections explored have been simplified and may not capture all 

potential pathways, particularly as new technologies emerge. Furthermore, the LCAs conducted in 

this thesis relied primarily on secondary data, which, while temporally and geographically relevant 

where possible, exhibits some degree of uncertainty due to variability across data sources. Future 

work should seek to reduce these uncertainties through greater scenario variability and the use of 

primary data to validate findings. 

7.2 Future Work 

While this thesis focused on assessing cement and concrete decarbonisation on a product level, 

future work should aim to assess the wider environmental impacts of these products on a building 

scale. By conducting a building-level LCA, specific performance based functional units can be 

selected which would allow the product’s system boundary to be expanded to include use and end-

of-life impacts.  Using a dynamic LCA model would allow for even greater sectoral analysis as 
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changes in decarbonisation strategy implementation and current material and building stocks can 

be assessed over time. By combining this approach with a techno-economic assessment, 

decarbonisation strategy implementation can be further optimised by assessing economic viability 

quantitatively.  Lastly, assessing decarbonisation must extend to beyond the cement and concrete 

by implementing a hybrid life cycle assessment which combines process level assessment with 

economic input-output data to assess the environmental impacts and potential decarbonisation 

pathways for the entire building and construction sector.  
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