
Citation: Hafez, H.; Drewniok, M.P.;

Velenturf, A.P.M.; Purnell, P. A

Resource-Bound Critical Analysis of

the Decarbonisation Roadmaps for the

UK Foundation Industries by 2050.

Environments 2024, 11, 153.

https://doi.org/10.3390/

environments11070153

Academic Editor: Syu-Ruei Jhang

Received: 26 May 2024

Revised: 4 July 2024

Accepted: 16 July 2024

Published: 18 July 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

environments 

Article

A Resource-Bound Critical Analysis of the Decarbonisation
Roadmaps for the UK Foundation Industries by 2050
Hisham Hafez *, Michal P. Drewniok , Anne P. M. Velenturf and Phil Purnell

School of Civil Engineering, University of Leeds, Leeds LS2 9JT, UK; m.p.drewniok@leeds.ac.uk (M.P.D.);
p.purnell@leeds.ac.uk (P.P.)
* Correspondence: author: h.hafez@leeds.ac.uk

Abstract: The foundation industries in the UK were responsible for emitting 42 Mt CO2eq in 2020,
which is approximately 10% of the yearly territorial greenhouse gas emissions. The UK government
decarbonisation roadmap issued in 2015 predicted that high-tech strategies such as carbon capture
and utilisation, hydrogen and biofuels, as well as electrification of processes are key for achieving the
climate mitigating targets by 2050. In this study, a critical assessment was performed on the limitations
to achieve these high-tech strategies such as biomass availability, capital investment, and technology
readiness. The study is the first to use the UK carbon budget values as the resource limit for the high-
tech decarbonisation strategies. The findings show that the significant uncertainty associated with the
high-tech scenarios limits their decarbonisation potential by 2050. More importantly, to stay within the
mid-century carbon budget for the foundation industries, 20–40% reduction in production, through
circular economic strategies such as material efficiency and/or changes in product specifications, is
required in order to achieve the decarbonisation targets.

Keywords: foundation industries; low-carbon transition; sustainability; demand reduction; CCS;
thermal efficiency; biofuel

1. Introduction
1.1. Background

The industrial sector is amongst the priorities of international political efforts to combat
global warming as it accounts for around 24% of global carbon dioxide emissions [1]. The
industrial sector in the UK employs at least 2.5 million people and contributes more than
GBP 570 billion to the total GDP [2]. A significant share of this could be attributed to six
UK industries which are labelled as the Foundation Industries (FIs), namely Steel, Glass,
Cement, Chemicals, Paper, and Ceramics. The FIs employ at least 250,000 people [2] and
contribute more than GBP 50 billion to the GDP [3]. Nevertheless, the sum of the territorial
greenhouse gas (GHG) emissions (i.e., emissions not accounting for those associated with
imported goods) from the FI in 2020, as shown in Figure 1 below, reached 42.6 Mt CO2eq,
approximately 10% of total UK emissions.

In 2008, the UK government passed a Climate Change Act through which it commits,
by law, to reducing greenhouse gas emissions by at least 100% of the 1990 levels (net zero)
by 2050 [4]. Historical data from the UK Department of Energy Security and Net Zero (2021)
shows a reduction in the total GHG emissions of five of the six industries in 2020 (data for
ceramics is not separately reported) by around 70% compared to the 1990 levels (Figure 2).
However, the remaining 42.6 Mt CO2eq are not negligible and hence a decarbonisation
roadmap was issued for each of the six foundation industries by the Business, Energy
and Industrial Strategy (BEIS) department [5]. The following sections will describe the
current production levels, energy and carbon intensities, as well as the state-of-the-art
decarbonisation strategy for each of the sectors.
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Figure 1. The breakdown of the GHG emissions of each of the 6 FIs in 2020. 

 
Figure 2. Historical record of the GHG emissions of each of the 6 FIs between 1990–2020. 
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in a basic oxygen furnace (BOF) to produce usable steel products. The less prominent yet 
substantial route is secondary steel production in electric arc furnaces (EAF) using steel 
scrap as the main feedstock [7]. The energy intensity of primary steel production (14–18 
GJ/t) is almost four times that of the secondary process (4–5 GJ/t) [8]. In the UK, the pro-
duction volumes peaked at 28 Mt in 1970, but declined slowly until it dropped in 2008 to 
only 5 Mt, after which it slowly recovered to reach nearly 7.5 Mt in 2018 [9]. In 2018, 80% 
of the steel in the UK was produced through primary processes, while only 20% was 
through EAF [10]. The global average carbon intensity of primary and secondary steel 
production is reported to be 2.2 and 0.84 kg CO2eq/kg, respectively [11]. The average UK 
carbon intensity of steel production could be estimated at 1.45 kg CO2eq/kg, since the val-
ues for the primary and secondary processes in the UK are reported as 1.66 and 0.73 kg 
CO2eq/kg, respectively [12]. 
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Figure 1. The breakdown of the GHG emissions of each of the 6 FIs in 2020.
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Figure 2. Historical record of the GHG emissions of each of the 6 FIs between 1990–2020.

1.2. Sectoral Baseline Analysis
1.2.1. Iron and Steel

The iron and steel industry is a major sector in the UK with GBP 1.97 billion in revenues
in 2020 from 1100 businesses employing 33,400 employees [6]. The typical energy and
carbon intensive steel production process is based on the primary route where first iron is
smelted in a blast furnace (BF) using coke and iron ore feedstock, then oxygenated in a basic
oxygen furnace (BOF) to produce usable steel products. The less prominent yet substantial
route is secondary steel production in electric arc furnaces (EAF) using steel scrap as the
main feedstock [7]. The energy intensity of primary steel production (14–18 GJ/t) is almost
four times that of the secondary process (4–5 GJ/t) [8]. In the UK, the production volumes
peaked at 28 Mt in 1970, but declined slowly until it dropped in 2008 to only 5 Mt, after
which it slowly recovered to reach nearly 7.5 Mt in 2018 [9]. In 2018, 80% of the steel in the
UK was produced through primary processes, while only 20% was through EAF [10]. The
global average carbon intensity of primary and secondary steel production is reported to
be 2.2 and 0.84 kg CO2eq/kg, respectively [11]. The average UK carbon intensity of steel
production could be estimated at 1.45 kg CO2eq/kg, since the values for the primary and
secondary processes in the UK are reported as 1.66 and 0.73 kg CO2eq/kg, respectively [12].
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1.2.2. Chemicals

The chemical industry in the UK is responsible for the synthesis of core end-products
for public use such as paints, detergents, and personal care products. It also provides
specialised industrial products (e.g., polymers, lubricants, fuel additives, construction
materials, and catalysts), and also the supply of transformative products for input in other
industries such as organic chemicals, industrial gases, fertilizers, and so on [13]. The chemi-
cal industry has, over recent years, emerged as a prominent player in the UK’s economic
landscape, contributing over GBP 54 billion in exports and adding GBP 30.7 billion in
value to the national economy, as well as employing more than 140,000 individuals [2].
Yet, the industry is the second largest emitting foundation industry in the UK with nearly
14.1 Mt CO2e/year [6]. Despite the variety of the end-products, most chemical products
(>90% by mass) are derived from eight primary chemicals, namely ammonia, methanol,
ethylene, propylene, benzene, toluene, and mixed xylenes [14]. In the UK, 1 Mt of ammonia
is produced per year by synthesis from steam reforming of methane from natural gas and
hence releasing approximately 1.19 kg CO2eq/kg of process emissions, as well as 0.64 kg
CO2eq/kg from electricity use [13]. For the remaining chemical products, 4 Mt of chemical
feedstock is used to produce 2.8 Mt of high value chemical products per year for a total
emissions of approximately 2.4 Mt CO2eq/year [13].

1.2.3. Cement

The cement industry in the UK employs around 37,000 people and generates more
than GBP 1 billion every year [2]. Cement is a generic term that describes the binder
constituent in a cementitious material such as mortar or concrete. It consists primarily of
clinker—the output from a cement kiln—and additions called supplementary cementitious
materials (SCMs) such as ground limestone, fly ash (FA), and ground granulated blast
furnace slag (GGBS) [15]. In 2018, 11 Mt of cement was produced in the UK, 7.4 Mt of
which was clinker and 3.6 Mt of SCMs [16]. The production of clinker in the UK releases on
average 0.86 kg CO2eq/kg, 50% of which is due to chemical decomposition of limestone
and the other half from the fossil fuel used to produce the energy required for the kiln
operation [17]. While FA and GGBS are industry by-products from the production of
electricity from coal and steel, they are also allocated minor carbon emissions amounting to
0.079 and 0.0001 kg CO2eq/kg, respectively [18]. Accordingly, the average carbon intensity
of the cement produced in the UK in 2018 is approximately 0.67 kg CO2eq/kg [18]. The
cement industry is the third largest carbon emitting of the foundation industries in the UK
with a share of 9 Mt CO2eq/year [19].

1.2.4. Glass

The glass industry is the joint fourth, along with the paper and pulp industry, in
terms of GHG emissions among the foundation industries in the UK. The industry, which
employs at least 6000 people, contributes more than GBP 1.3 billion to the British economy
every year [5]. The industry produces over 3 Mt each year from 25 manufacturing sites
in the UK, seven of which are labelled as “small batch specialty glass manufacturers [3].
The majority of glass products are in the form of container bottles and jars for the food
and beverage industry (60%), 30% is flat glass used in glazing for the construction and
automotive industries, and the remaining 10% is for special use such as fibre glass and
medical applications [3]. According to British Glass, the production processes in 2018
resulted in a total GHG emissions of 2.2 Mt CO2eq divided between 1.28 Mt CO2eq from
fuel combustion, 0.53 Mt CO2eq from electricity consumption and 0.49 Mt CO2eq as process
emissions [3].

1.2.5. Paper and Pulp

The paper and pulp industry in the UK generates more than GBP 11.5 billion in income
per annum and directly employs 56,000 people [20]. The industry contributes a yearly share
of GHG emissions at approximately 2.2 Mt CO2eq [21]. All emissions are attributed to the
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fuel and electricity used for the processing of pulp and paper and specifically to generate
the steam required for the drying process which consumes two thirds of the energy [22].
The 2018 industry level emissions are already more than 65% less than the 1990 levels and
the industry is already moving towards heat recovery and an increased share of biofuel,
but more work is needed to reach net zero by 2050 [23].

1.2.6. Ceramics

The ceramics industry in the UK employs around 17,550 people and generates approx-
imately GBP 0.5 billion each year [2]. In 2012, the UK ceramic sector produced an estimated
4.2 Mt of ceramic products divided into four sub-sectors: 90% heavy clay products such as
bricks and tiles, 5% for whiteware such as pottery, 4% for refractory operations needed to
produce semiconductors, metallurgy, and steel production, and finally 1% for technical or
high-performance ceramics [5]. The ceramic industry in the UK is responsible for 0.94 Mt
CO2eq/year released by fossil fuel combustion and process emissions and an additional
0.28 for the electricity consumption [24]. The energy intensive nature of the industry is
attributed mainly to the clay drying operations and heating up the kilns to temperatures
between 800–2000 ◦C. All of the fossil fuel used for kiln operation in the industry is natural
gas [5].

1.3. Decarbonisation Strategies by 2050

Despite the reports suggesting industry-specific decarbonisation strategies such as the
use of bio-based feedstock for chemical production [3] and the use of non-clinker based
(alternative) cements [25], there is a consensus in the BEIS decarbonisation roadmap for the
six industries [5] on five main strategies as follows.

1.3.1. Energy Efficiency

Incentivised by the increasing cost of energy, increasing the energy efficiency of the
production processes is considered a very cost-effective decarbonisation strategy [26].
Interventions such as heat recovery, recycling secondary products, improving the thermal
insulation of kilns, as well as the use of combined heat and power plants are encouraged
widely across the FIs in the UK [3]. However, as Table 1 shows, the margin of improvement
in terms of the energy efficiency for production of the UK FIs varies widely. While clinker,
paper, glass, and ceramics perform within 15–25% of the best practice, the steel production
in integrated sites and ammonia synthesis are both nearly 40% lower.

Table 1. A comparison between the energy efficiency of the main processes of the UK FIs and the
global best practice reported in the literature.

Process
UK Average Best Practice Improvement

Margin
Reference

kWh/kg

Clinker 1.24 0.97 22% [27]

Blast furnace steel 7.71 4.66 40% [27]

Glass 2.42 2.09 13% [3]

Fired clay bricks 1.19 1.09 16% [28]

Ammonia 14.29 8.08 44% [27]

Paper and pulp 4.63 3.43 26% [27]

1.3.2. Fuel Switching

Based on the BEIS baseline assessment of 2015, Figure 3 below shows the breakdown
of the energy sources for each of the FIs. It is observed that 60–80% of the fuel used is
fossil-based to match the high energy demand and/or elevated temperatures required
for the main production processes. Accordingly, a major strategy to decarbonise the
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FIs is to switch the fuels used from coal and oil to natural gas and from natural gas to
biomass/bioenergy, and eventually to hydrogen [3]. The reason is as seen in Table 2, the
carbon intensity of biomass, though a range, presents potentially more than 50% savings as
a fuel source for the FIs compared to fossil fuels [6,29,30]. However, the carbon abatement
of biofuels is sensitive to the source (trees vs. fast growing crops) and transportation
distance. Moreover, according to Kaufman et al. [31], the carbon intensity of biofuel could
increase from 0.06 to 0.16 kgCO2eq/kWh (similar to natural gas) just by changing the carbon
accounting boundary approach from system expansion to mass allocation. In addition,
the use of hydrogen is considered a promising future strategy to produce a zero-CO2 fuel,
assuming a fully decarbonised electricity grid and transportation [32].
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Table 2. A summary of the carbon intensity of the fuels used in FIs from 3 different litera-
ture databases.

Fuel Type
[29] [30] [6]

kgCO2eq/kWh

Coal (All types) 0.33 0.36 0.32

Oil 0.26 0.26 0.27

Natural Gas 0.18 0.20 0.18

Naphthas for Petrochemical Feedstock Use 0.23 - -

Coke 0.39 - 0.36

Municipal Solid Waste 0.17 - -

Biomass - 0.09 0.01

1.3.3. Process Electrification

Another energy-related strategy included in the roadmaps is to shift the process of
providing heat energy from fuel combustion, which is responsible for 70% of the total FIs
GHG emissions, to electricity. Technologies such as electric heat pumps, induction heating,
or microwaves have been prototyped for the paper, ceramics, and cement industries,
respectively [33]. A more established technology for process electrification is the shift of
steel making from primary blast and basic oxygen furnaces to recycling steel in electric arc
furnaces given the availability and quality of the scrap steel [34].
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1.3.4. Carbon Capture and Storage (CCS)

Carbon capture and storage (CCS) is a process in which a relatively pure stream of
carbon dioxide from industrial sources is separated, treated, and transported to a long-
term storage location. It is considered by all industrial decarbonisation roadmaps to be
a necessity to achieve net-zero by 2050 [35]. The apparent suitability of the technology
to abate process emissions makes it even more suited for cement, steel, and chemicals
sectors, as seen in Figure 4 below from the BEIS roadmap [5] for the FIs in the UK. The UK
government has established a Carbon Capture and Storage Infrastructure Fund (CIF) with
a GBP 1 billion budget to expedite the technology maturity and implementation [36].
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1.3.5. Production and Demand Reduction

An important decarbonisation strategy is to reduce new materials production through
three layers of primarily behavioural changes from different stakeholders that reduce
demand including: (1) increasing the material utilisation through the efficient use of the
product in its application such as carpooling to reduce the need for individual cars or
changing the specs of the packaging to make it lighter; (2) making more durable materials
and products that could last longer such as domestic buildings and paper products; and
(3) increasing the material efficiency in production by fit-for-purpose designs and specifi-
cations [32]. Despite being a pivotal part to achieve net-zero in the literature [12] the UK
government decarbonisation roadmaps attribute only minimal potential to it [5].

1.4. Critical Analysis of Decarbonisation Roadmaps

In addition to the production and demand reduction strategy, all remaining decarboni-
sation strategies depend on a degree of technological advancement and capital investment
and hence could be labelled as “high-tech”. Since the 2015 FIs decarbonisation roadmaps
were issued, several publications criticised the feasibility of achieving a high-tech-based
decarbonisation route for the FIs for the following reasons.

1.4.1. Technological Barriers

According to the International Energy Agency (IEA), Technology and Market Readi-
ness Levels (TMRLs) are a semi-quantitative measure of technological and market maturity
for innovations [29]. The metric is divided into 11 levels where at level 6 a large lab-scale
prototype is developed, at level 9 the solution is commercially available minimally and
marginally, and only at level 11 is the innovation mature and of “predictable” growth lev-
els [29]. For green (net-zero) hydrogen, in addition to the few industrial trials in Germany
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and South Korea, there are yet to be found a market with major successful commercial-level
production of it and hence the TMRL is set at level 9 [37]. Accordingly, the IEA predicts no
industry use of green hydrogen by 2050 [32]. Similarly, the TMRL level for CCS is also at
level 9 since only one electrical power plant is reported to operate with CCS in Canada [12]
and a few cement plants have minimal CCS capacities globally [38]. The uncertainty around
the maturity of both decarbonisation strategies in the coming few years is significant in
assessing their decarbonisation potential by 2050.

1.4.2. Economic Barriers

While energy efficiency strategies are reported to have a pay-back period of about
2 years, cash flow problems and risks associated with inflation and energy costs discourage
most industrial plants from pursuing it [32]. Moreover, despite being technologically
feasible such as the switch to electric arc furnaces for steel production for example, the
expansion in electrification of the energy intensive industrial processes is associated with
significant increase in the electricity grid, which would result in EAF steel producers paying
four times the carbon tax compared to blast furnace steel producers [10]. Additionally,
the generation of electricity from green hydrogen is priced at 0.053 GBP/kWh by 2050,
which is more than double that of the projected prices for (0.02 GBP/kWh) natural gas
and (0.026 GBP/kWh) solar energy [39]. Finally, the current estimated cost for carbon
abatement using CCS technologies ranges between GBP 50–100/kgCO2eq, which is at least
double the projected carbon tax [40].

1.4.3. Resource Limitations

The third pillar of the critical views on high-tech strategies for decarbonising the FIs
is the availability of resources. Admitting the interconnectivity between the three barrier
types, the resource limitation is meant to infer the boundary of natural resource, which
applies more to the fuel switching to biomass. In order to increase the biomass portion
of the fuel mix to 10% by 2050 rather than the current 7%, 1 million hectares land are to
be allocated for energy crops, which is approximately 7% of the current agricultural land,
while simultaneously increasing the rates of tree planting to 50,000 hectares/year [41]. Ad-
ditionally, the ability to meet the forecasted demand of bioenergy depends upon importing
biomass for fuel at competitive prices, as well as the recovery of local biowastes, which are
considered less reliable sources [42]. To conclude, significant uncertainties are included in
the resource-based projections for the supply of biomass as fuel for UK FIs by 2050.

1.4.4. Contradicting Decarbonisation Vectors

Another point of discussion from the literature is that development of the high-tech
strategies will interact, often in contradictory ways. One example is that the electrification
of the processes, as well as the use of electricity for green hydrogen production present
a burden on the expansion of the electricity grid, which itself is required to decarbonise
using CCS and/or biofuel [43]. In another example, the carbon abatement potential of
biofuel use rests upon sustainable sourcing principles, as well as the assumption that
the alternative fuel sources it would displace (and from which it thus gains much of its
low-carbon credentials) by 2050 are fossil fuels without CCS, which contradicts other
decarbonisation strategies [42].

1.5. Aims and Objectives

This state-of-the-art review of the decarbonisation strategies in the UK FIs roadmaps
attributes the risks of high-tech strategies to three main barriers: technological, economic,
and resource limitations (Table 3). However, two main gaps exist that constitute the main
objectives behind this paper:
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1. How much should the production of each of the six FI products be reduced to accom-
modate for the aforementioned barriers?

2. What are the interventions (e.g., reducing demand) that enable such production
reduction in each FI and what could be the barriers facing each?

Table 3. A summary of the type of barrier attributed to each of the high-tech decarbonisation strategy
mentioned in the FIs roadmaps.

Technological
Barriers Economic Barriers Natural Resources

Limitations

Energy efficiency x

Electrification x x

Fuel switching x x x

CCUS x x

2. Methodology

The method adopted in this study is a cross-industry decomposition analysis where
the baseline projections of the energy demand and carbon intensity of each of the 6 FIs
is modelled using the benchmark values from BEIS roadmaps [5]. Using the data from
the decarbonisation roadmaps, the carbon abatement potential by 2050 from each of the
4 high-tech scenarios is modelled and analysed (electrification, green hydrogen, biofuel,
and CCS) for all FIs combined. For the 2050 decarbonisation scenario, two sub-scenarios are
developed; where energy efficiency measures are either assumed to be fully implemented
in all FIs, or no efficiency measures are adopted.

The carbon abatement potential by 2050 for each of the high-tech strategies assumes
a certain capacity (energy production from biofuel, carbon uptake through CCS, increase
in electricity supply to the industry, and energy supply using hydrogen). Hence, for each
of the modelled scenarios, the total carbon abatement potential by 2050 of each of the
4 high-tech strategies is compared against the expected capacity in the UK 6th carbon
budget [44]. Accordingly, the degree of production and demand reduction is calculated for
each FI to lower the expected carbon abatement potential from high-tech strategies to the
match the established limits. Finally, a qualitative assessment is performed on the potential
barriers facing the aspired-for reduced production levels in industry.

3. Results and Discussions
3.1. Baseline Projection by 2050

The Climate Change Committee is an independent, non-departmental public body,
formed under the Climate Change Act to advise the United Kingdom on tackling and
preparing for climate change. Every three years, a new budget is issued to monitor the
progress of the UK government in meeting the climate change targets. The latest budget, the
sixth, presents an 80% reduction compared to the 2020 carbon emissions as the target for the
moderate (1.5 ◦C) mitigation scenario by 2050. For the business-as-usual scenario, constant
market demand is assumed and hence the carbon intensity of each of the six foundation
industries, hence the carbon intensity should be reduced by 80%. It is worth noting that,
due to the fuel dependant nature of the foundation industries, the full decarbonisation of
the industrial electricity grid would only achieve 5% of the decarbonisation targets by 2050
as shown in Figure 5.
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Figure 5. The carbon intensities of the 6 foundation industries for the business as usual, decarbonisa-
tion of electricity and moderate mitigation target by 2050.

3.2. Decarbonisation of the FIs in the UK by 2050
3.2.1. Realistic Cap for High-Tech Strategies

The main objective of this paper is to challenge the carbon abatement potential for
the four high-tech strategies listed in the decarbonisation roadmaps of the six foundation
studies. As stated in the introduction, fuel switching to biofuel, the use of hydrogen fuel,
electrification of processes, and CCS are still immature technologies as of 2020 [12]. How-
ever, the high-tech decarbonisation potential values could only be qualitatively challenged
as there are no established methods in the literature through which new estimates could
be generated. Hence, this paper utilises the % of resource availability of each of the four
strategies in the sixth Climate Change Committee (CCC) carbon budget [44] as the cap for
their respective projections for carbon abatement by 2050.

The CCC carbon budget considers the manufacturing and industry sectors combined
when reporting the abatement potential from different strategies. However, the allocation
method explained in the methodology section of the sixth carbon budget [44] shows that
share of the manufacturing industry is 40% of this category. For ease of calculations, this
paper assumes that the six foundation industries represent 100% of the manufacturing
industry, which is a conservative assumption. Accordingly, a comparison between the
resource availability values from the decarbonisation roadmaps for the FIs [5] and the
projected values from the sixth carbon budget [44] is shown in Table 4. The total CCS
capacity from direct processes in the UK is projected by the sixth carbon budget to be
8 Mt CO2eq while the roadmaps allocated an abatement potential of 14.3 Mt CO2eq by
2050. Similarly, realistic projections for energy generation biofuel and hydrogen by 2050 are
referenced in the sixth carbon budget as 20 and 0 TWh/year, respectively, which is lower
than the 26 and 1.8 TWh/year values from the roadmaps. Moreover, the expected increase
in electricity supply to the manufacturing industry in the UK represents only 22% of the
projections in the roadmaps.
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Table 4. A comparison between the sustainability potential values for each of the 4 high-tech strategies
from the 6th carbon budget and the 2015 BEIS decarbonisation roadmaps for the 6 foundation industries.

High-Tech Decarbonisation Strategies till 2050

Biofuel Hydrogen Fuel Electrification CCS

TWh/Year Mt CO2eq/Year

Cement 2.91 0.00 0.00 3.32

Iron and Steel 0.00 0.00 17.25 6.97

Glass 0.00 0.81 4.96 0.15

Ceramics 0.80 0.00 3.02 0.23

Chemicals 17.80 0.00 5.60 3.60

Paper 4.58 0.98 5.57 0.00

Total (modelled) 26.1 1.80 36.4 14.3

CCC 6th
budget-“moderate”

scenario
20 0.00 8.00 8.00

3.2.2. High-Tech Scenario for 2050

The fuel mix and CCS potential for each of the six FIs was updated based on the sixth
carbon budget projections for the “cap” on the decarbonisation potential from high-tech
decarbonisation strategies by 2050. The carbon abatement degree by 2050 using CCS
technologies was reduced by an average of 50% as shown in Figure 6. In addition to the
argument on the resource availability of CCS potential within the sixth carbon budget, the
adjusted CCS abatement degrees should be communicated to the respective sectors since it
is established in the literature that allocating the majority of the decarbonisation potential
to CCS is risky due to the technology readiness level, high investment cost, the absence of
infrastructure, and the risk of carbon leakage [32].
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Figure 6. A comparison between the yearly GHG reduction required by the roadmaps in Mt (left) and
in % of industry emissions (right) before and after adjustment to the cap in the 6th carbon budget.

Additionally, as shown in Figure 7, the scenario eliminates to a great extent the need
for hard and gaseous fossil fuel sources and prioritises the use of biofuel. Accordingly, the
ability to achieve the carbon targets by 2050 are mainly dependent on the carbon intensity
of the biofuel used. While some studies report significant social risks associated with
the increase of harvesting biomass for fuel use due to its competition over land use with
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agricultural crops [45], there are others that more interestingly question the carbon benefits
of using biofuel at the expected scale. According to Konadu et al. [46], the carbon benefits
of using biomass for fuel in the UK is dependent on two main factors: that the source is
either biowaste or locally produced fast-growing crops. Hence, due to the rapid expansion
required to supply biomass at scale in 2050, Hammond and Li [47] argue that most of the
biofuel would be imported and would not be limited to short-cycled crops which results in
an accrued carbon intensity higher than that of natural gas.
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Figure 7. Updated energy demand for each FI in 2050 according to the “realistic” fuel switch share of
biofuel.

3.2.3. Production and Demand Reduction Levels

Upon adjusting the projected values for the high-tech interventions to decarbonise the
FIs by 2050, the carbon targets were normally not met and hence reduction in production
and demand is required to match the required abatement levels by 2050. However, the
degree of production reduction is dependent on two parameters. First, the degree of
reduction in the energy intensity in each of the six FIs due to the projected interventions to
improve the energy efficiency of the production processes. As seen in Figure 8, the BAU
(Figure 8a) scenario where thermal efficiency strategies are not implemented, show that
only the chemicals and steel sectors are matching the 2050 carbon targets. For cement, glass,
ceramics, and paper, 20–60% production reduction is required. The reason is mainly due
to the adjusted CCS abatement values for 2050 which are less than the residual fuel-based
emissions. However, as shown in Figure 8b, the production reduction required after the
implementation of 30% reduction in energy intensity is marginal for all FIs except cement
where process emissions (not energy related) still exceed the adjusted CCS abatement
potential by 2050.

The second factor that impacts the degree of production reduction required to allow
the FIs to achieve the carbon targets by 2050 is the carbon intensity assumed for the biomass
used as biofuel. As explained from the literature findings, the source, calorific content, and
transportation distance are all factors that impact the carbon intensity of biofuel and could
be detrimental to its decarbonisation potential. Hence, as shown in Figure 9 below, the
production reduction for paper, ceramics, and chemicals is very sensitive to the change of
the carbon intensity of biofuel since a significant share of the fuel used for the high-tech
scenario in 2050 in their production is biofuel. On the other hand, the remaining three
FIs are less sensitive due to the dependence on electricity (glass and steel) or fossil fuels
(cement) for their production. It is worth noting that cement is also less sensitive due
to the process emissions associated with the clinker production process regardless of the
energy source.
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Figure 8. A comparison between the net yearly carbon emissions from the FIs in 2050 after imple-
menting the high-tech strategies versus the target (80% less than 2020) emissions before (a) and after
(b) implementing the 30% reduction in energy intensity using thermal efficiency strategies.
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It is worth noting that in both scenarios, the iron and steel industry is projected to
match the 2050 targets under the assumption that 80% of the 2020 production would shift
to electric arc production while accounting for an additional abatement through CCS of
2.3 MtCO2eq/year. However, this is dependent on the availability of scrap steel (EAF is
primarily a recycling process) at the desired product quality. Currently, it is estimated that
approximately 80% of the scrap steel generated in the UK is exported [48]. Projections
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from [12] conclude that enroute to 2050, scrap steel availability would only cover 60–70%
of the current consumption and hence 30–40% of production and demand reduction is a
must to meet the industry’s carbon targets.

3.2.4. Production and Demand Reduction Applications

Policies and subsequent industrial action towards demand reduction is already mate-
rialising in the UK for reducing meat consumption by adopting plant-based solutions [48]
and retrofitting houses for less energy consumption for heating purposes [49]. The next
paragraphs include examples from the literature showcasing demand reduction strategies
in each of the FIs to achieve the aspired production reduction potential.

Iron and Steel

In addition to demolition, most of the scrap steel is generated from manufacturing
processes such as vehicles and machinery and hence new technologies such as additive
manufacturing could not only reduce the need for steel by optimising the design but also
reduce the scrap generated in the manufacturing process by 20–30% [12]. Despite the
logistical issues of storage and matching sellers with buyers, recent reports advocate the
reuse of demolished structural steel members in new construction in the UK [50,51].

Chemicals

Demand-side interventions in the chemical industry span between end-products such
as plastic packaging for recycling or substituting with bio-based alternatives and input from
other industries such as fertilizers where reduction of demand is recommended through
conservative use and controlling ammonia volatilisation [52].

Cement

In the UK, 80% of the cement produced is used in concrete, of which 60% ends up
in buildings [19]. Judicious selection of the slab system and span width could reduce the
concrete required in a building up to 30% [53]. Moreover, the use of advanced software
packages could help optimise the structural design of a building and further reduce concrete
demand by up to 30% [54].

Glass

The glass industry in the UK is already excelling at a 70% recycling rate for containers
but is aiming at achieving 90% by 2040 [55].

Paper and Pulp

The environmental and cost savings from recycling paper and pulp products are not
consensually agreed, but it is established that recycling one ton of paper conserves over
2.52 cubic meters of landfill space and 17 trees [56]. Accordingly, the UK is aiming at
increasing the current recycling rate of paper and board as well as paper packaging from
70% to 90% [57].

Ceramics

There are successful documented trials to reduce the energy demand for producing
ceramics by incorporating waste materials in the feedstock as well as attempts to reuse
end-of-life roof tiles and bricks [58].

3.3. Discussion Points

Finally, it has now been established that production and demand reduction, with
varying degrees, is a necessary strategy for all FIs to achieve their 2050 carbon targets.
However, several challenges exist, confronting the industries’ ability to achieve, at the
desired scale, this reduction as follows.
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3.3.1. Consumer Behaviour

Users are reluctant to shift from their perceived notion of a certain product, whether it
is by accepting a new shape (topologically optimised to reduce weight) or a shift to more
sustainable products (the adverted shift away from meat to plant-based substitutes) unless
clear environmental benefits are communicated and economic incentives are presented [59].
While it proved successful in reducing single-use plastics by 80% in Europe, the precedence
of the tax on plastic packaging is not necessarily helpful for future case studies as it is
now common knowledge that the substitution achieves minimal savings in terms of GHG
emissions [60,61].

3.3.2. Green Development vs. Degrowth

The focus of this study, which matches that of the UK industrial decarbonisation
roadmaps and carbon budgets, is focused on territorial carbon emissions. Hence, conscious
of the global nature of the climate change crises, there is a risk associated that demand or
production reduction at the home market level leads to emissions savings being wiped out
by those associated with importing replacement carbon-intensive industrial products [62].
An analysis of the UK market between 1990–2009 shows that despite the 30% reduction in
GHG emissions from production emissions, the consumption emissions were rising at a
1%/year rate due to the increase in the emissions associated with imports [63].

3.3.3. Business Model Shift

The typical business model of cement, as an example, is built on selling low-value prod-
ucts in bulk through centralised production and minimal competition [64]. This landscape
would not welcome the business model shift to 50% reduction in the produced cement due
to the associated risks to the profitability due to the current costing models and product
image [65]. Similar examples exist on the need to change the existing business models
for the steel industry to allow for innovative small-scale innovations, especially for less
typical production processes such as hydrogen direct reduction [48]. Such industries would
need to shift to producing a portfolio of higher-value specialist materials, components, and
products aimed at the refurbishment or remanufacturing supply chain, rather than basic
bulk materials.

3.3.4. Opposing Sustainability Vectors

The decarbonisation strategies described in the roadmaps, high- or low-tech, show
potential to be implemented simultaneously without conflict given the availability of
resources. However, demand reduction includes two main contradicting vectors of sus-
tainability, the first of which is the competition over waste materials, for which examples
abound, e.g., the need to reduce waste from steel production yet relying on waste steel
for EAF production; attempting to use waste glass for production of ceramics while glass
is already fully recycled in glass production; or relying on decarbonising concrete by us-
ing wastes from the steel or coal-burning industries, which are either becoming scarce
or unsuitable [66]. The second contradiction is between the design for durability and
the call to reduce the material specification through topology optimisation and additive
manufacturing. An example would be the production of thicker glass (triple glazed) to
ensure better thermal insulation in buildings, while increasing the required material for
glass production.

3.4. Further Research

This study covered the contents of the decarbonisation roadmaps for the six main FIs
in the UK till 2050 to critically analyse the ability to achieve the carbon targets using the
acclaimed high-tech strategies. The findings show that production and demand reduction
as a strategy is imminent unless the resource assumptions for 2050 change. However, the
degree of reduction is sensitive to assumptions related to carbon accounting and resource
availability. Hence, further research is required to validate the assumptions in this study and
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to explore further the critical points related to demand reduction, especially the business
model shifts and consumer behaviour.

4. Conclusions

This study aimed at identifying the resource-based limitations on achieving the de-
carbonisation goals for the six main FIs in the UK by 2050. The main limitation of the
study, which stems from the fact that all data originates from only one source, is not con-
sidering the uncertainty associated with the baseline and decarbonisation pathways. This
considered, the main findings were as follows:

1. The use of hydrogen fuel is not proving to have the technological market readiness to
be utilised directly in full scale production of FIs by 2050.

2. The sixth carbon budget for the UK industries define a cap for using biomass as fuel
equal to approximately 60% of the planned share while only 40% of the planned CCS
carbon abatement capacity is expected to be implemented by 2050.

3. The resource-adjusted decarbonisation potential through high-tech strategies (biofuel,
electrification, and CCS) falls 20–30% short of the 2050 carbon targets for the UK’s FIs.

4. An average of 30% demand reduction for all FIs through reuse, recycling, and produc-
tion material efficiency is imminent to achieve the 2050 carbon targets.

5. Existing interventions to improve the energy efficiency of production could reduce
the need for demand reduction by 10–20%.

6. There are established interventions for demand reduction, especially the reduction of
concrete demand through optimised structural designs, the topology optimisation of
steel production, and reuse and recycle of glass and paper packaging.
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