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Abstract 103 
The UK cement and steel industries are decarbonising rapidly to meet net-zero targets. This study 104 
explores the unintended consequences of these efforts, particularly the potential disruption of 105 
industrial symbiosis between sectors. Cement production in the UK increasingly relies on ground 106 
granulated blast furnace slag (GGBS), a low carbon supplementary cementitious material (SCM). 107 
However, the shift from primary to secondary steelmaking threatens domestic GGBS supply. This 108 
research uses material flow analysis, life cycle assessment, and economic modelling to evaluate 109 
future GGBS availability, carbon intensities, and supply chain vulnerabilities. Findings indicate 110 
that although the steel sector is expected to reduce its environmental impact, this will cause the 111 
cement sector to face a potential shortfall in domestic SCMs, increasing reliance on imports 112 
through cross-sector decoupling and stagnation of decarbonisation. Addressing these 113 
challenges is vital to ensure a sustainable cross-sector supply chain and support future UK and 114 
global infrastructure resilience. 115 
 116 
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1. Introduction 154 
Cement and steel are fundamental to modern infrastructure, making them the two most readily 155 
consumed materials with over 4 Gt of cement [1] and nearly 2 Gt steel produced globally in 2023 156 
[2]. However, these industries have significant environmental impacts due to their energy- and 157 
process- intensive processes [3, 4]. In 2023, both sectors generated a combined 5 Gt of direct 158 
carbon dioxide (CO2) emissions - 15% of total anthropogenic CO2 emissions released annually 159 
[5-7]. This has intensified pressures to decarbonise using innovative solutions and mechanisms 160 
to meet net-zero targets by 2050 [3], including an increased use of the circular economy and 161 
industrial clustering concepts [8]. These can both be underpinned by the theoretical concept and 162 
practical application of industrial symbiosis.  163 
 164 
1.1. Industrial Symbiosis 165 
Industrial symbiosis can be interpreted in different ways [9], but is broadly defined as the long-166 
term engagement between different companies or industries in the physical exchange of 167 
materials, by-products, energy, or information [9-12]. Against the background of decarbonisation, 168 
this is a vital mechanism to help reduce the environmental impact of one or multiple parties. This 169 
can be achieved through converting by-product streams in one industry to form a supply chain 170 
which supplements or replaces raw and virgin materials within an industrial process typically 171 
within a separate industry [13], avoiding early disposal of otherwise useful material [14], and 172 
preserving natural resources [15]. Industrial symbiosis also has the potential to unlock further 173 
economic and social benefits beyond the parties directly involved [8, 9]. There are innumerable 174 
literature examples of industrial at range of scales and industries including symbiosis of water 175 
sources across all industries in a single city [16], symbiosis between mushroom farmers and beer 176 
brewers [17], and synergy in regional minerals mining and production [18].  177 
 178 
1.2. Symbiosis between cement and steel 179 
An interesting, and long standing, global application of industrial symbiosis is between the steel 180 
and cement sectors. There are several examples of symbiosis including utilising end of life steel 181 
scrap from finished construction grade cement products as a steel scrap source [19] and the use 182 
of dusts from both industries as carbonation materials [20]. However, by far the most common is 183 
the use of ground granulated blast furnace slag (GGBS). This is created as a by-product of the 184 
steelmaking process and used within the cement manufacturing process, a symbiosis 185 
summarised in Figure 1. Initially studied for its potential as performance enhancing material with 186 
cement, the relationship between both sectors has shifted significantly to a focus on the 187 
reduction of environmental impact within both through repurposing of this material [21-23]. 188 
However, no literature can be found which assesses the potential effects of a change in the 189 
production landscape of both sectors due to global decarbonisation efforts on this long-standing 190 
symbiotic relationship. 191 

 192 
Figure 1: Cement and steel manufacturing industrial symbiosis process flowchart. 193 
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The CO2 emissions associated with the production of cement are mostly (in excess of 90%) 194 
caused by the production of clinker, which is the main constituent of cement [24]. Clinker is a 195 
mixture of limestone and other materials that are heated within a kiln then subsequently ground 196 
into a fine material for use within cement [24], as shown in Figure 1. Globally, the clinker-to-197 
cement ratio, also known as the clinker factor (i.e. the percentage of clinker used within a given 198 
cement mix), is approximately 0.70 [25]. Although direct circularity is possible within the cement 199 
industry [26] it is challenging [27]. Therefore, a major strategy to reduce CO2 emissions is 200 
replacing ordinary Portland cement (PC) with cement blends that contain a greater proportion of 201 
supplementary cementitious materials (SCMs), thus reducing clinker use. These can also 202 
enhance performance [28, 29]. Commonly utilised SCMs include GGBS [28], limestone [30], 203 
calcined clays (CC) [31], and fly ash (FA) from coal combustion [28, 32]. However, SCM 204 
application varies significantly by region. Despite historically high usage and substitution rates 205 
within cement manufacture [33, 34], the United Kingdom’s (UK) early transition to cleaner energy 206 
sources [35-37] has resulted in a decline of FA availability and usage as a SCM, while legacy FA 207 
recovery remains uncertain [38]. While limestone calcined clay cement (LC3) has shown 208 
technical success elsewhere [30], poor reactivity of local CC stocks [39] and the limited 209 
availability of limestone fines [40, 41] has challenged its use within the UK. As a result, GGBS is 210 
the UK’s most widely used SCM [2, 41, 42]. GGBS is a fine, glassy substance produced by grinding 211 
and rapidly cooling molten blast furnace slag (BFS); a co-product of the iron smelting process 212 
within the primary blast furnace-basic oxygen furnace (BF-BOF, or BOF) steelmaking route [43] 213 
as shown in Figure 1. Consequently, UK cement decarbonisation is largely dependent on a 214 
symbiotic relationship with the steel industry. However, falling domestic steel production, over 215 
the past decade, means that the UK has begun relying heavily on GGBS imports to meet industrial 216 
demand [2, 42]. Given this, existing literature suggests limiting GGBS use to 20% in the UK for 217 
performance and material availability reasons [44]. Maintaining this rate is preferrable, but 218 
industrial shifts may result in further GGBS shortages.  219 
 220 
The remaining major steel manufacturers in the UK, which currently utilise primary steelmaking, 221 
aim to reduce emissions by 85% by 2035 and reach net-zero by 2050 [45]. In the short to medium 222 
term this will be achieved through process decarbonisation of primary steelmaking, making use 223 
of emerging technologies including hydrogen, carbon capture, usage, and storage (CCUS), and 224 
alternative materials [45]. However, all manufacturers expect to completely transition to 225 
secondary steelmaking routes, utilising electric arc furnaces (EAF), by 2050 at the latest [46, 47]. 226 
This transition process is already underway at one of the two remaining major primary 227 
steelmaking sites [48]. Secondary steelmaking relies on implementation of a circular economy 228 
within the steel sector, with scrap material becoming the primary iron or steel source. This in turn, 229 
significantly reduces the material’s environmental impact. Although there are technical [49, 50], 230 
regulatory [51], and practical [51, 52] challenges, this may occur much sooner [53]. However, 231 
these furnaces do not produce the same co-products as the BOF route. Furthermore, this 232 
transition toward cleaner steelmaking is likely to occur on a global scale, albeit at different rates 233 
[54]. As a result, the availability of steel, cement, and associated co-products will change, 234 
affecting the economic value of each material, and thus industrial decision-making [55, 56]. 235 
Changes in value could mean that GGBS is no longer economically viable or environmentally 236 
sustainable to continue importing into the UK, resulting in a major shift in the balance of global 237 
supply chains - increasing the reliance on SCM imports and potentially an increase in cement-238 
related CO2 emissions.  239 
 240 
This relatively unique position of SCM use, type of steelmaking, and ambitious net-zero related 241 
targets for heavy industry make the UK a perfect case study to assess the potential unintended 242 
consequences of decarbonisation on industrial symbiosis, which has not been seen previously 243 
in literature.  This paper aims to conduct a novel study into how shifts in the steel industry, both 244 
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in the UK and globally, will impact UK cement sector decarbonisation. To achieve this, several 245 
steel and cement transition scenarios will be explored, predictions will be made on material 246 
economic value, and the environmental impact of GGBS will be assessed. The findings will 247 
provide insights into the likely carbon intensity and emissions of both sectors in 2050, aiding 248 
informed decision-making and mitigate cross-sector supply chain disruption and risk. This study 249 
is structured as follows: Section 2 describes the study methodology, Section 3 presents study 250 
findings, and Section 4 discusses the results presented in Section 3, and Section 5 summarises 251 
key insights and their implications on steel-cement symbiosis.  252 
 253 
2. Materials and Methods 254 
2.1. Outline 255 
To evaluate the impact of decarbonisation strategies between the synergistic steel and cement 256 
sectors, as outlined in Figure 1, the carbon emissions produced in each sector must first be 257 
assessed. The carbon emissions associated with any given product are defined by the volume of 258 
product consumed and its carbon intensity. Therefore, to determine the cement and steel 259 
sector’s annual consumption volumes and embodied carbon, a material flow analysis and life 260 
cycle assessment were performed, respectively. This is a methodology combination which has 261 
been found to yield more robust and transparent results, compared to utilising these methods 262 
independently [57]. The methodology outline, in addition to the flow of data, is described in Figure 263 
2. 264 

 265 
Figure 2: Methodology outline. 266 

2.2. Scenarios 267 
The baseline year for this study is 2023 as this is the most recent year for which complete data is 268 
available. Alongside this, several 2050 scenarios were considered which focus on key transition 269 
strategies in each sector: the shift from primary to secondary steelmaking in the steel sector and 270 
the increased use of SCMs in the cement sector. These are outlined in Table 1.  271 
 272 
Global cementitious material demand is expected to remain constant until 2050, with production 273 
rising in the Global South but declining in the Global North [58, 59]. However, in a drive to reduce 274 
the emissions associated with cement production, the clinker factor will decrease regionally, 275 
reducing clinker demand while increasing SCM consumption. In the UK, the current clinker factor 276 
is 0.70 [41], but must drop to 0.50 to achieve net-zero targets [60]. It is also assumed that while 277 
the percentage of GGBS used will remain constant to 2050 (17% of the UK cement mix), the 278 
consumption of other SCMs will shift from FA to CC and limestone fines due to other industrial 279 
shifts.  280 
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 281 
Similarly, global steel production is expected to continue to grow by 3.5% annually to 282 
approximately 1960 Mt by 2050 [2], but steelmaking transition pathways remain unclear outside 283 
of a small number of European countries. Accordingly, the UK has been modelled as undertaking 284 
a complete shift (100%) from BOF to EAF steelmaking. This means that all steel manufactured in 285 
the UK will be produced using secondary steelmaking methods by 2050, though it is likely that 286 
this will occur much sooner. Other steel producing countries are the subject of a 25 to 75% shift 287 
in route toward EAF steelmaking to assess global sensitivity in absence of reliable transition 288 
pathway plans - particularly with respect to GGBS availability. China (90.1% BOF), India (43.6% 289 
BOF), and Japan (71.1% BOF) currently produce a combined 65% of global steel [61] and are likely 290 
to remain the largest by market share. Therefore, it is assumed that each country assessed (UK, 291 
China, India, and Japan) retains the same global production share through each scenario, but the 292 
total volume of steel produced in 2050 by BOF decreases by the percentage noted. A global 293 
average has also been assessed to understand regional disparities in production. Each country 294 
is assumed to satisfy domestic scrap demand to enable sufficient high-quality steel scrap 295 
availability [51]. 296 
 297 

Table 1: Steel and cement transition scenarios from baseline to 2050. 298 

Country / Region 2050 Transition 
Scenario 

Cement Transition 
(Clinker Factor) 

Steel Transition (EAF 
Shift Percentage) 

UK 
Low 0.70 [62] 

100% Medium 0.60 
High 0.50 [60] 

China, India, Japan, 
Global Average 

Low 0.71 [25] 25% 
Medium 0.63 50% 

High 0.55 [25, 63] 75% 
 299 
Within the transition scenarios described the effect of different regional and sector specific 300 
future decarbonisation strategies have also been assessed. In both sectors, establishing current 301 
[61] and predicting future process energy intensity (GJ/tonne of product) is challenging as these 302 
values are affected by a multitude of technological, financial, and geopolitical issues. However, 303 
there are several common decarbonisation strategies, at various market readiness levels, that 304 
could contribute to the reduction of carbon emissions associated with material production. 305 
These include CCUS [64, 65], material efficiency [64], technology performance improvements 306 
(e.g. recycling concrete fines, or fitment of top-pressure recovery turbines) [64, 65], electrification 307 
[64], and use of alternative energy sources [64, 65]. The sector specific values for the 308 
decarbonisation potential are extracted from the IEA’s Iron and Steel Roadmap pathways (‘Stated 309 
Policies Scenario’ (STEPS) and ‘Sustainable Development Scenario’ (SDS)) [64], and a recent UK 310 
cement market analysis [60] (Supplementary Information (SI), section S1 and S4). In order to 311 
contextualise the plans of both sectors, an additional business-as-usual (BaU) scenario has been 312 
included which does not see any process decarbonisation, but does consider the 313 
decarbonisation of regional electricity, material, and fuel in addition to the transition scenarios 314 
noted in Table 1. 315 
 316 
2.3. Material Flow Analysis 317 
To quantify the flow and stock of material within the cement and steel sectors, and therefore 318 
aggregate sectoral consumption volumes, a material flow analysis (MFA) was performed [66]. The 319 
flow of materials is summarised in Figure 1. All data was taken from publicly available regional 320 
and international reports [2, 25, 41, 61, 62], and secondary literature sources [67]. The defined 321 
system boundary is cradle-to-gate, which encompassed the annual consumption values of 322 
clinker, iron, GGBS, other SCMs (FA, CC, and limestone fines), cement, and steel. Downstream 323 
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flows of finished products such as concrete and reinforced concrete elements were not 324 
considered.  325 
 326 
2.4. Life Cycle Assessment 327 
Life cycle assessment (LCA) is a computational tool which can provide a general perspective on 328 
the environmental impact of a product to support decision making [68, 69]. LCA is standardised 329 
by ISO14040 [70]. The first stage of any LCA is to define the goal. The goal of this LCA is to assess 330 
the carbon intensities associated with several products within the UK steel and cement sector 331 
including clinker, GGBS, cement, and steel. In line with this, several different scenarios were 332 
considered including different temporal (2023 and 2050), geographic (UK, China, India, Japan, 333 
global average), and transition scenarios as noted in Table 1. In an LCA, a study’s scope is defined 334 
by three main components: the system boundary, functional unit, and allocation procedure [70]. 335 
The system boundary for this LCA is cradle-to-gate which includes raw material extraction (stage 336 
A1), the transportation of those raw materials to the factory (stage A2), as well as the processing 337 
and production of the product (stage A3) [71]. Since the study aims to assess the environmental 338 
impact of several products in which material function is not necessary, a mass declared unit (e.g. 339 
one kilogram) was selected for each product. 340 
 341 
When assessing the carbon intensity of co-products, partially on a cross-sector level, special 342 
consideration must be given to the allocation procedure selected. ISO14040 defines allocation 343 
as the “partitioning the input or output flows of a process or a product system between the 344 
product system under study and one or more other product systems” [70]. Previous studies have 345 
found that within the cement and steel sector there is no clear consensus on how BFS (as well as 346 
other co-products) should be allocated within the LCA method [72, 73]. Each sector appears to 347 
favour different methods of allocation to best suit study goals which makes cross-sector 348 
comparison challenging; contradicting the core principles of LCA [71]. Therefore, in this study, 349 
both mass and economic allocation were considered when determining the carbon intensity of 350 
BFS (SI, section S5). The core method of producing GGBS is not expected to change, and so 351 
therefore the allocation by mass between products will not change between the baseline and 352 
2050. Within the primary steelmaking route, BFS values per country are not typically reported, so 353 
a ratio of 0.28 tonnes of BFS produced per tonne of iron was assumed for all countries [74]. The 354 
exception to this is in the UK where no iron or BFS in 2050, as defined in Table 1. Allocation by 355 
economic values however will change due to fluctuations of supply and demand, and therefore 356 
price, over time. By examining import and export trade flow data, the baseline global economic 357 
values for crude iron and GGBS were found to be £0.41/kg and £0.02/kg, respectively. In the UK, 358 
the export price of iron is significantly higher at £0.86/kg. Given the low supply and high demand 359 
for GGBS in the UK, the exporting price of the material is £0.18/kg [42]. To determine the 2050 360 
economic values for both products, the price prediction methodology outlined in Section 2.5 was 361 
used. 362 
 363 
Inventory analysis is the second stage of an LCA which includes the evaluation and collection of 364 
data required to fulfil the study’s goal. Data has been compiled from a range of secondary sources 365 
through a top-down collection method, for use across and within each sector of analysis. Each 366 
source is as spatially, temporally, and technically relevant as possible. A summary of this is 367 
outlined below, but all data, detailed calculations, and sources can be found in the associated 368 
SI. For both the steel and cement carbon intensity calculations, the electricity and fuel emission 369 
factors were regionalised where possible to most accurately model disparities in 370 
decarbonisation pathways. All data and decarbonisation pathways are taken from government 371 
(UK GHG, China CF) or literature [54] sources (SI, section S2). The carbon intensity for both BOF 372 
and EAF steelmaking (kgCO2eq/kg) (𝑆𝐶𝐼) is derived from electricity (kgCO2eq/GJ) (𝐸𝐶𝐹), fuel 373 
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emission factors (kgCO2eq/GJ) (𝐹𝐸𝐹), the fuel mixture (including electricity) (%) (𝐹𝑀), and 374 
steelmaking process energy intensity (GJ/kg) (𝑆𝑃𝐸) as noted in Equation 1. 375 

𝑆𝐶𝐼 =  𝑆𝑃𝐸 × ((𝐹𝑀 × 𝐹𝐸𝐹) + (𝐹𝑀 ×  𝐸𝐶𝐹)) 376 
Equation 1 377 

The average steelmaking process energy intensity ranges from 19.39 to 14.00 GJ/tonne of steel 378 
(SI, Section S1). The fuel mixture used in each steelmaking process is likely to shift in favour of 379 
electricity driven, and more sustainable processes. Data supporting the aggregated fuel mixture 380 
consumption for each transition scenario is taken from WorldSteel [61] or IEA [64] (SI, section 381 
S3). 382 
 383 
The carbon intensity of cement (kgCO2eq/kg) (𝐶𝑡𝐶𝐼) in the UK is derived from the carbon intensity 384 
of clinker (kgCO2eq/kg) (𝐶𝑙𝐶𝐼), the cement’s clinker factor (𝐶𝐹), the average carbon intensity of 385 
SCMs (kgCO2eq/kg) (𝑆𝐶𝑀𝐶𝐼), the carbon intensity of GGBS (kgCO2eq/kg) (𝐺𝐶𝐼), the cement’s 386 
GGBS factor (i.e. the amount of GGBS used within a given cement mix) (𝐺𝐹), the carbon intensity 387 
of the transport of both GGBS (kgCO2eq/kg) (𝐺𝑇) and clinker (kgCO2eq/kg) (𝐶𝑙𝑇), the electric 388 
energy required for indirect processes (GJ/kg) (𝐸𝐶𝑅), and the emission factor of electricity 389 
(kgCO2eq/GJ) (𝐸𝐶𝐸𝐹). This calculation is summarised in Equation 2. 390 

𝐶𝑡𝐶𝐼 =  𝐶𝑙𝑇 + (𝐶𝑙𝐶𝐼 × 𝐶𝐹) + (𝑆𝐶𝑀𝐶𝐼 × (1 − (𝐺𝐹 + 𝐶𝐹)) + (𝐺𝐶𝐼 × (𝐺𝐹)) + 𝐺𝑇 + (𝐸𝐶𝑅 × 𝐸𝐶𝐸𝐹) 391 

Equation 2 392 

The carbon intensity of the clinker component consists of process emissions occurring from 393 
calcination in the cement kiln and the carbon intensity of the kiln’s fuel mix (SI, section S4). The 394 
clinker factor is noted in Table 1. The average SCM carbon intensity was determined by taking the 395 
mass ratio of all three other SCM types considered (limestone, CC, and FA) in addition to gypsum 396 
and multiplying each by their respective consumption volume and carbon intensity value. All 397 
these materials were assumed to have negligible transportation distances given current material 398 
stocks. To determine carbon intensity of GGBS, the same calculation procedure was applied as 399 
was done for the other SCMs.  400 
 401 
In addition to the emissions arising from the clinker and GGBS production process, those arising 402 
from importation must also be accounted for. In the case of clinker, this includes clinker sold as 403 
a product and cement products containing clinker (e.g., CEM1). While countries that are in close 404 
proximity to the UK such as the Netherlands, Spain, Germany and France have consistently been 405 
some of the UK’s largest exporters of GGBS, a shift to relying on slag exports from China, India, 406 
and Japan is likely due to pan-European decarbonisation targets [75]. This shift has already begun 407 
in the case of Japan. Since 2019, it has become one of the largest slag exporters to the UK with 408 
the country accounting for 22% of all UK GGBS imports annually. To determine the carbon 409 
intensity of transportation for the 2023 baseline scenario, a weighted average was taken between 410 
the top four exporting countries of each product. To account for regional production process 411 
differences, carbon intensity values for clinker and GGBS production were retrieved from 412 
literature sources for each of the four exporting countries considered. The processing of BFS into 413 
GGBS was assumed to take place in the country of origin and all slag imported into the UK is 414 
GGBS (SI, section S5). Transportation distances were determined using secondary data sources 415 
[76, 77] (SI, section S6). When assessing the impact of transportation in 2050, the top four 416 
exporters of clinker and cement products were assumed to be the same from the 2023 baseline. 417 
For GGBS however, several importation scenarios for 2050 were considered and are detailed in 418 
the interpretation step. Lastly, the electric energy required for indirect processes values were 419 
taken from secondary sources [25, 78].  420 
 421 
In line with the study scope, embodied carbon is the only impact indicator analysed at the impact 422 
stage. The interpretation of the LCA results include examining several decarbonisation pathways 423 
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in both the steel and cement sector. In addition, several transportation scenarios were 424 
considered for GGBS. For the baseline scenario, a weighted average between the top four GGBS 425 
importers (comprising 77% of all slag imports to the UK) was considered which include the 426 
Netherlands, Spain, France, and Japan. Six different importation scenarios were considered for 427 
2050: (1) the 2023 GGBS import countries and their import ratios, (2) equal import from the 428 
assumed top three steel producers (China, India, and Japan), (3) all GGBS import from China, (4) 429 
all GGBS import from India, (5) all GGBS import from Japan, and (6) a global transport average. 430 
The global average scenario considers a weighted average based on the GGBS amount of the 431 
seven exporting countries assessed. 432 
 433 
2.5. Economic Modelling  434 
To perform a sensitivity analysis on the impact of the allocation method, the economic value of 435 
iron and GGBS in 2050 must be predicted. A robust, time series methodology was tailored to 436 
address the inherent volatility and inconsistencies in trade flow data [79, 80]. Outliers were 437 
removed to reduce variation in the dataset. An ARIMA [81] model was used to predict future 438 
trends and cyclical patterns, and the model was implemented in Python. The prediction provided 439 
insights into the long-term price movements of slag and steel up to 2050 (SI, section S7). Although 440 
regional differences were observed, the volatility of material production and value results in wide 441 
confidence intervals regardless of source. Therefore, the same changes in economic value of 442 
material were applied to all countries of interest to enable useful comparison. 443 
 444 
3. Results 445 
3.1. Material Flow Analysis 446 
The results of each MFA conducted are shown in Figure 3a through Figure 3d, where Figure 3d 447 
shows the effects of a high transition in both sectors globally. The MFA of both the low and 448 
medium transition scenarios can be found in the SI (SI, section S8), but the numerical outcome 449 
of both analyses is discussed below. Examining the UK baseline (Figure 3a), it was determined 450 
that 7.5 Mt of steel and 15.24 Mt of cementitious materials are consumed annually. Although not 451 
directly relevant to the analysis, the UK exported 2.6 Mt, imported 4.5 Mt, and domestically 452 
produced 5.6 Mt of steel. This indicates that the trade of steel is broadly driven by specialisation 453 
of UK manufacturers in different steel grades and products but also highlights that the domestic 454 
circular economy in steel is fractured. Consequently, this may be limiting the domestic 455 
availability of sufficient high-quality grades of scrap as well as increasing UK reliance on complex 456 
global supply chain routes (in a similar parallel to the cement industry as noted below). Currently 457 
1.1 Mt of UK steel is produced via EAF, however the expected complete shift to secondary 458 
steelmaking by 2050 (Figure 3b) will increase the UK global market share of EAF steel to 0.59-459 
0.83%, depending on global trends (Figure 3d). China, India, and Japan are expected to remain 460 
dominant producers in 2050, accounting for at least 263 Mt of global EAF steel (37.5% of 461 
production). While the total consumption of cementitious materials is expected to stay constant 462 
to 2050, the reduction in clinker factor in the UK cement sector will increase demand for SCMs 463 
from 3.23-6.86 Mt, whilst reducing clinker demand from 10.74-7.62 Mt. This will reduce reliance 464 
on existing material sources (Spain, France, Algeria, and Ireland), but at least 2.54 Mt will still 465 
need to be imported. The assumption that GGBS demand will stay as a constant proportion of 466 
SCM use in the UK (17% of cement mix design) means the demand volume falls slightly to 2.59 467 
Mt in 2050. This is a major supply chain risk to the sector, as the global demand for GGBS (366 468 
Mt) will outstrip supply (274 Mt to 353 Mt available, depending on the transition scenario) due to 469 
increased SCM consumption (a 62% rise) as global clinker rates drop and BOF steelmaking 470 
decreases globally as illustrated in Figure 3d. As shown in Figure 3c, the consumption of CC (2.13 471 
Mt) and limestone filler (2.13 Mt) also rises dramatically in the UK (accounting 62% of SCMs by 472 
2050). However, this is also true globally which will demand approximately 871 Mt of each by 473 
2050. Although the analysis of these materials is not the core focus of this study, this will 474 
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compound issues surrounding the UK’s reliance on imported material. This could leave UK 475 
manufacturers vulnerable to material availability and cost, and therefore impact the sector’s 476 
competitiveness and rate of decarbonisation. 477 
 478 

 479 

Figure 3a: UK MFA 2023, where all values are in Mt/year. 480 

 481 

Figure 3b: UK MFA 2050, where all values are in Mt/year. 482 
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 483 

Figure 3c: Global MFA 2023, where all values are in Mt/year. 484 

 485 

Figure 3d: Global MFA 2050 under the high scenario, where all values are in Mt/year. 486 

3.2. Carbon Emissions 487 
The analysis conducted indicates that the current combined global baseline carbon emissions 488 
for both the cement and steel sector is approximately 6.6 GtCO2eq/yr. Whilst the cement sector 489 
value is in broad agreement with figures reported by the IEA [25], steel sector value is 490 
approximately 20% higher [2]. As outlined, this study relies on a range of secondary data sources 491 
and a top-down data collection approach, which due to error truncation, is likely to result in an 492 
overestimation of values. However, the correlation of this combined global value gives 493 
confidence that the analysis performed is accurate enough to make predictions on the likely 494 
outcomes of the described transition scenarios and decarbonisation pathways. If both the 495 
highest rate of steel and cement production route transition is undertaken, as outlined in Table 1, 496 
alongside the implementation of all sector specific decarbonisation pathways, it is likely that the 497 
combined global carbon emissions will fall to approximately 2.9 GtCO2eq/yr by 2050, 498 
representing a joint emissions reduction of 56%. The effects of each scenario are explored on a 499 
sectoral level in Section 3.3. 500 
 501 
The overall carbon emissions of each country or region of analysis are a function of material 502 
volume produced, split in production route, and the carbon intensity of each production route. 503 
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As expected, results shown in Figure 4a indicate that carbon emissions arising from the UK steel 504 
sector will reduce by between 74% and 84%, depending on the decarbonisation pathway, due to 505 
the transition to EAF steelmaking. This represents a reduction in overall emissions to 506 
approximately 2 MtCO2eq from 10.2 MtCO2eq at the baseline. Emissions within the UK cement 507 
sector are expected to decrease between 2% and 56% compared to the baseline depending on 508 
the decarbonisation scenario; significantly less than the reduction potential expected from the 509 
steel sector. The higher range present in the expected cement sector reduction potential is 510 
attributed to the lack of certainty in decarbonisation strategy implementation. The UK steel 511 
sector’s action calling for a complete shift to EAF steelmaking allows for a greater predicted 512 
emission reduction, whereas the cement sector can only estimate reductions based on 513 
minimum reported reduction values. Despite cement having a lower carbon intensity value 514 
(0.281 kgCO2eq/kg) when compared to steel produced by EAF (0.312 tCO2eq/t) under the 2050 515 
UK SDS high cement decarbonisation scenario, the overall emissions associated with cement 516 
production (3.71 MtCO2eq) are more than double that of steel production (1.81 MtCO2eq) due to 517 
the predicted production volume of cement being higher than that of steel. 518 
 519 
Examining the global market, as shown in Figure 4b, the current cement and steel sector baseline 520 
carbon emissions are 2.8 GtCO2eq/yr and 3.8 GtCO2eq/yr respectively. Also as indicated by 521 
Figure 3b, in the cement sector, these values are expected to decrease in 2050 by 25-66% 522 
depending on the cement transition scenario as well as the rate of implementation of regional 523 
decarbonisation strategies which have been modelled. The global steel sector will likely see a 524 
reduction in carbon emissions by 14-49% depending on the implementation of each 525 
decarbonisation pathway and EAF transition, and this rate of decarbonisation will have a direct 526 
impact on the cement sector as symbiosis through GGBS is present globally. This means that a 527 
reduction of overall emissions arising from the steel sector to between 3.3 to 1.9 GtCO2eq/yr, by 528 
2050,  is likely The results shown in Figure 4 are a global average, but analysis indicates that in 529 
relative terms, India is likely to experience the greatest reduction in carbon emissions due to the 530 
modelled increase in EAF steelmaking despite having the most carbon intensive sources of 531 
electricity and fuel. The world’s largest steel producer, China, is also predicted to see a reduction 532 
in emissions and a small move towards EAF steelmaking. However, the country is still likely to 533 
contribute to at least half the global sector's emissions, even under the most ambitious 534 
decarbonisation targets. The production dominance of China, India, and Japan means that they 535 
contribute significantly to the global scenario. 536 

 537 
Figure 4: (a) UK, (b) global combined steel and cement sector emissions at the baseline (2023) and in 2050 538 

under the specified scenario. 539 

3.3. Sector Level Carbon Intensity 540 
3.3.1. Steel  541 
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Using the LCA methodology described in Section 2.4, the carbon intensity of both steelmaking 542 
routes within each country under each decarbonisation scenario was determined as shown in 543 
Figure 5. It has been calculated that the baseline global carbon intensity of BOF and EAF 544 
steelmaking is 2.45 and 0.99 tCO2eq/t respectively. Depending on decarbonisation pathway 545 
selected, these values are likely to reduce to between 2.31 and 1.59 tCO2eq/t and 0.57 and 0.39 546 
tCO2eq/t respectively. The analysis indicates that the UK is likely to have the lowest EAF 547 
steelmaking carbon intensity (between 0.47 and 0.31 tCO2eq/t) primarily due to ambitious 548 
regional electricity decarbonisation targets that should result in an overall grid intensity that is at 549 
least half that of the global average. Although not directly explored here, if the UK were to retain a 550 
complementary BOF steelmaking capability, this analysis indicates that it could significantly 551 
reduce its carbon intensity from 2.28 tCO2eq/t to between 2.23 and 1.53 tCO2eq/t. The potential 552 
reduction in intensity is very similar to India and Japan, highlighting the minimal influence of 553 
regional decarbonisation efforts (e.g. electricity grid) in comparison to process decarbonisation 554 
through technology improvements (e.g. CCUS or hydrogen). 555 

 556 
Figure 5: Carbon intensity (tCO2eq/t) of steelmaking in each assessed country or region, under each 557 

decarbonisation scenario. 558 

3.3.2. Cement 559 
Ensuring the consistent use of the most representative allocation method within a system is vital 560 
to allow for effective cross-study, and cross-sector, comparison. The mass allocation of carbon 561 
intensity between iron and BFS was taken as 78.12% to 21.88%. Figure 6a illustrates the 562 
differences in proportion between economic allocation procedure by country. The economic 563 
allocation between iron and GGBS produced in the UK was calculated as 94.5% and 5.5%, 564 
respectively. Examining the values for China, India, and Japan it was found that the percentage 565 
allocation for iron and GGBS was similar between China and Japan (99.5% and 0.5%). In India the 566 
lower value of iron resulted in a higher percentage of emissions being allocated to GGBS (96.1% 567 
and 3.8%, respectively). The economic allocation of these materials is in broad agreement with 568 
existing studies [82]. Price volatility over the last decade underscores why future price estimation 569 
is necessary to accurately assess a co-product’s future environmental impact. It was determined 570 
that from 2023 to 2050, the price of iron and GGBS is expected to increase by 283.5% and 24.6%, 571 
respectively. This results in the economic allocation between iron and GGBS in the UK shifting to 572 
97.5% and 2.5% respectively. As shown in Figure 6b, the use of economic allocation results in a 573 
significant reduction in the carbon intensity of GGBS because of the reduced allocation 574 
proportion associated with the material. The carbon intensity of GGBS at the UK baseline is 0.48 575 
kgCO2eq/kg when mass allocation is selected. However, when economic allocation is applied, 576 
this drops to 0.15 kgCO2eq/kg. In 2025, the MPA reported that the carbon intensity value (with 577 
economic allocation applied) for GGBS is equal to 0.155 kgCO2eq/kg [83]. The similarity between 578 
this study’s calculated carbon intensity value and the reported MPA value supports the accuracy 579 
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of the inventory data and economic values utilised. The difference in carbon intensity values 580 
present between the two allocation methods is primarily due to the economic value of GGBS. As 581 
its value is significantly lower than that of iron, the percentage allocated is also much lower. Out 582 
of the three countries assessed, GGBS from China exhibits the lowest carbon intensity with the 583 
value being 16% lower than the UK current economic baseline, despite the emissions associated 584 
with material transport. It is evident that economic allocation it is the best method to represent a 585 
complex, interlinked system because it better represents real world changes over time. 586 

 587 
Figure 6: (a) Economic allocation percentages, (b) Impact of mass [M] and economic [E] allocation on GGBS 588 

carbon intensity. 589 

Figure 7 illustrates the carbon intensity for the UK cement sector. The baseline carbon intensity 590 
for cement in the UK is approximately 0.65 kgCO2eq/kg with clinker production comprising 81% 591 
of the total intensity. As expected, the overall cement carbon intensity decreases from the low to 592 
high transition scenarios, with the carbon intensity contribution from SCMs (CC, limestone, and 593 
FA) and GGBS increasing and the carbon intensity contribution of clinker decreasing. This shift is 594 
largely due to the decrease in clinker factor, with the lowest overall intensity at 0.29 kgCO2eq/kg 595 
– in which GGBS is sourced equally from China, India, and Japan under the high cement transition 596 
scenario. Although the mass ratio between all SCMs remains constant throughout each 2050 597 
scenario, the change in clinker factor results in an increase in SCM consumption, resulting in a 598 
greater contribution from all SCM’s (including GGBS) toward overall intensity. The utilisation of 599 
sector wide decarbonisation pathways including CCUS, electrification, and the use of alternative 600 
fuels has the potential to reduce cement intensity and thus emissions by over 50% in the best 601 
case. However, the route to implementation of these strategies is unclear. 602 

 603 
Figure 7: UK cement sector carbon intensity at the baseline and in 2050 under the best-case steel (SDS) and 604 

cement decarbonisation scenario (mass allocation). 605 
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3.4.  Sensitivity Analysis 606 
The core assumption of this study is that the UK will source GGBS in the future in an equal split 607 
between the dominant steel producers (China, India, and Japan), primarily as a method of supply 608 
chain risk management. However, it is likely that there will be periods of time where this is not the 609 
case, therefore it is important to understand the effect of sourcing from a single country; under 610 
the assumption that the material quality threshold is met. The average transportation distance 611 
between the UK and each country by sea is shown in Table 2, where the average is defined as the 612 
mean distance between the three busiest ports by material volume of each country. 613 
 614 

Table 2: Sea transportation distance (km) between the UK and relevant countries. 615 

Country Average distance to the UK by sea (km) 
China 22,354 
India 14,639 
Japan 23,309 

 616 
As shown in Figure 7, the transportation distance, and source can have a significant impact on 617 
the emissions associated with GGBS, and ultimately the resultant cement produced within the 618 
UK. Despite the very similar transportation distance between China and Japan (a difference of 619 
3.9%), importing wholly from China could result in a maximum reduction in GGBS intensity of 1% 620 
compared to multi sourcing - primarily due to ambitious regional electricity decarbonisation 621 
targets despite the transport distance. Importing solely from India would result in a maximum 622 
GGBS intensity reduction of 16%, despite a greater than average steelmaking intensity. Whilst 623 
Japan’s greater transportation distance (a difference of 44.6% compared to India) results in 624 
minimum increase in GGBS intensity of 8% when compared to multi sourcing – highlighting the 625 
‘hidden’ contribution of transport. This is significant as many LCA studies choose to exclude the 626 
effects of transport [71]. Although single sourcing could substantially reduce the emissions 627 
associated with GGBS, this could leave the UK cement sector vulnerable to significant supply 628 
chain, geopolitical, and transport related risks which could negate the environmental benefits. 629 
 630 
4. Discussion 631 
4.1.  Theoretical Implications 632 
This study has investigated the current and future carbon intensity and emissions, of key global 633 
steel producers (China, India, Japan, and the UK) and the global average, under three steelmaking 634 
route transition scenarios as well as quantifying the effects of regional and global 635 
decarbonisation efforts. These efforts are intrinsically linked to those of the global cement sector, 636 
particularly in the UK, due to the reliance on GGBS as a SCM. Therefore, this study assumed the 637 
industry will continue to use GGBS sourced from the dominant global steel producers due to a 638 
complete reduction in domestic production and consequently investigated the current and future 639 
carbon intensity and emissions associated with UK produced cement. 640 
 641 
Our findings show that carbon emissions of steel produced in the UK will drop by up to 84% by 642 
2050, against a global reduction of 49%; and could leave the UK responsible for just 0.09% of 643 
global steelmaking emissions. This is due to the predicted ‘green’ nature of the UK’s electricity 644 
grid, and the use of this as primary fuel within entirely secondary steelmaking. However, the 645 
predicted volumes of steel produced are only enough to satisfy domestic demand. These 646 
reductions in emissions rely on regulatory change to ensure scrap steel supply chains can satisfy 647 
domestic demand. Otherwise scrap imports will continue, and such supply chain dependency 648 
will reduce resilience and security of UK steelmaking. China, India, and Japan will see a reduction 649 
in emissions and associated intensities but due to differences in production volumes, regional 650 
decarbonisation pathways, and the scale of EAF transition these are reduced compared to the 651 
UK decarbonisation rate. Implementation of these strategies within the global steel industry 652 
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means that the UK cement sector will, consequently, also decarbonise. Emissions associated 653 
with cement production in the UK are predicted to fall by up to 56%, driven by regional and 654 
sectoral decarbonisation strategies, but also the reduction in the carbon intensity of GGBS as a 655 
result of decarbonisation efforts within the steel sector. The reduction potential is much smaller 656 
because of the emissions incurred through GGBS transportation and source. Consequently, the 657 
use of potential decarbonisation technologies in the cement sector (including CCUS and 658 
electrification) must be accelerated at a similar pace to the steel sector. 659 
 660 
4.2.  Industrial and Policy Implications 661 
The positive efforts to reduce the environmental impact of UK steelmaking does have the 662 
potential to destabilise, disrupt, and decouple the symbiotic link between two of the UK’s most 663 
important foundation industries - the products of which are vital to support continued economic 664 
growth. Although it is difficult to predict global changes with absolute certainty, it is likely that 665 
global steelmakers will accelerate steelmaking transitions in effort to decarbonise their own 666 
economies. This will ultimately reduce the global supply of GGBS further, leading to greater than 667 
modelled value increases, which could leave UK cement producers severely exposed to global 668 
supply chain failure. If the cement industry does not seek to accelerate its own pathway at the 669 
same rate as steelmaking, supported by overarching policy [84] with targets to capitalise on novel 670 
technological solutions (i.e. EAF derived low carbon cement), it will struggle to effectively 671 
decarbonise. This, compounded by the fact that there are few viable short to medium term SCM 672 
alternatives readily available in the UK, could ultimately result in a return to domestically 673 
produced PC; the adverse environmental impact of which would be higher than that studied in 674 
the baseline case. This would significantly hamper the UK’s efforts to meet wider climate change 675 
mitigation targets in pursuit of net zero by 2050.  676 
 677 
4.3.  Study Limitations 678 
This study has taken a robust approach to its analysis of cement and steel production; there are 679 
three key limitations to the study which could be tackled within a larger assessment, or as data 680 
availability changes. Firstly, the scenarios which have been modelled are relatively simplistic. 681 
This implies that the transitions toward secondary steelmaking or a lower clinker factor are 682 
discrete (i.e. only low, medium, or high) and are not currently assessed comparatively (i.e. low 683 
cement, high steel). This means that the study results are at the extreme ends of likelihood, and 684 
policy makers may benefit more from an increased number of scenarios. Secondly, although all 685 
data has been taken from a range of high-quality secondary sources which are regionalised where 686 
possible, the precision of the analysis could be enhanced by introducing additional, primary, data 687 
sources as these become available. Finally, introducing additional scenarios related to UK 688 
steelmaking which examine the effect of a reducing percentage of steel production transitioning 689 
toward secondary steelmaking would reflect the expected future trajectory of changes in 690 
domestic priorities. Therefore, the effect of this on steel-cement symbiosis could be holistically 691 
assessed.  692 
 693 
5. Conclusion 694 
Cement and steel are materials which are fundamental to modern infrastructure, but both have 695 
significant environmental impacts as a result of their energy- and process- intensive processes. 696 
However, both are intrinsically linked through the symbiotic use of GGBS which is primarily used 697 
as a performance enhancing, and carbon intensity reducing material within blended cements. 698 
This research has effectively characterised current and future carbon emissions, carbon 699 
intensities, and general landscape of global and UK steel production. Consequently, it has also 700 
characterised the current and future carbon emissions, carbon intensity, and general landscape 701 
of UK cement production using GGBS as a SCM - a key by-product of the BOF steelmaking route. 702 
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In the work presented, it has been shown that UK steel production is projected to reduce carbon 703 
emissions by up to 84% by 2050, significantly exceeding the anticipated global reduction of 49%. 704 
This outcome is primarily driven by the decarbonisation of the electricity grid and the adoption of 705 
secondary steelmaking processes. This reduction in carbon emissions in the steel sector will also 706 
contribute to a 56% decrease in emissions from the domestic cement industry, due to the lower 707 
carbon intensity of GGBS. However, these benefits are contingent upon the development of 708 
resilient domestic scrap steel supply chains and coordinated sectoral strategies. To achieve long-709 
term industrial decarbonisation, parallel advancements in cement sector technologies and 710 
supportive policy interventions are imperative. 711 
 712 
This work provides a robust methodology to analyse and effectively describes the effect of 713 
decarbonisation on the anticipated emissions of both the global and UK steel sectors, and the 714 
UK cement sector. Thus, also the effect on the symbiotic relationship between the cement and 715 
steel sectors in the UK. The enhanced understanding of the trajectory of both sectors will allow 716 
for more effective domestic planning in relation to meeting wider climate change mitigation 717 
targets. However, opportunity exists to extend this research to assess how a change in domestic 718 
steel supply chains can be supported, through technical and regulatory processes. This would 719 
ensure that high-quality steel scrap can be reused to produce further high-quality steel products 720 
to support both UK and global infrastructure. Additionally, the supply chain risk to the UK cement 721 
sector, with respect to GGBS, is clear. Therefore, a detailed supply chain analysis should be 722 
carried out to gain a better understanding of which manufacturers are producing GGBS within the 723 
regions of dominant BOF based steel production, what their decarbonisation pathways and 724 
targets are, and ultimately whether this poses a true risk to the UK supply of GGBS. Additionally, 725 
extending the methodology adopted in this study to assess other SCMs (e.g. CC) would enhance 726 
the understanding of the true emissions associated with cement production. This new 727 
understanding could also be linked to the development of more effective sustainability indexes 728 
for these materials (much like those developed for the chemical industry) [85]. There is also an 729 
opportunity to advance the attributional LCA methodology into either a consequential or dynamic 730 
model to account for fluctuations in material volumes and coefficient values (e.g. emission 731 
factors) over time, respectively. Such further research will solidify the understanding of the 732 
symbiotic relationship between two major foundation industries and ensure that regional and 733 
global decarbonisation efforts towards net-zero do not bring additional risk or result in 734 
deindustrialisation of vital segments of global economies. 735 
 736 
 737 
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