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ARTICLE INFO ABSTRACT

Handling Editor: Yutao Wang With the UK’s legislation of a 2050 net zero emissions target, there is urgent need for radical industrial decar-
bonisation. The steel sector represented 12% of UK industrial emissions in 2016 and is therefore a critical target

Keywords: for mitigation. Mainstream scenario analyses variously assume use of unproven Carbon Capture and Storage

Iron and steel

(CCS) or reductions to steel demand in order to reach a 1.5 °C compatible budget by 2050. This analysis aims to:
GHG emissions

a) assess the mitigation potential of current technology options (excluding CCS) towards a cumulative budget

Technol . . . . . .
Nf:telrli(;lo gﬁciency aligned to net zero and assuming constant steel demand; b) to evaluate the potential of material efficiency to
Net zero close any mitigation gaps, (where material efficiency is providing the same useful ‘service’ with less input of

Mitigation energy-intensive materials); and c¢) to discuss the importance of sectoral budget assumptions and other un-
certainties in estimating the scale of future mitigation required by the industry and the policy implications of
this. We modelled four key technology scenarios including steel plant retrofit, replacement of steelmaking
technologies to best practice standards, fuel shifts to greater Electric Arc Furnace (EAF) production, and
implementation of selected novel technologies, under different ambition levels. Technology scenarios could
reduce cumulative Greenhouse Gas (GHG) emissions (2016-2050) by as much as 44% against a constant
baseline, whilst coupled technology and material efficiency scenarios could achieve reductions of as much as
53%. We also find that whilst grid electricity decarbonisation and earlier demand reduction can achieve addi-
tional mitigation, there may still be a need for some CCS capacity in the long-term to address residual emissions.
In the most ambitious case, absolute GHG emissions from the steel sector reduced by 80% by 2050 against 2016
levels, assuming grid decarbonisation. We found that the most effective interventions were through established
technologies, such as retrofit, replacement and EAF production, since they were immediately available, with the
condition they are implemented faster than previously observed. Given the commercialisation constraints of
novel technologies, structural shifts such as material efficiency and EAF production were considered highly
important. However, structural changes are necessarily more complex to influence via policy, and there is little
precedent for structural change by design in the UK. Our results show that only complementary scenarios
combining material efficiency and technology options would achieve a level of mitigation near to net zero in the
UK. We conclude that it is possible to achieve net zero emissions in the UK steel sector, but that this would
require greater and earlier levels of material efficiency and some degree of CCS removal capacity.

Greenhouse Gas (GHG) emissions (Rogelj et al., 2019). The emissions

1. Introduction from the sector are increasing and larger than any other end-use sector
(ibid), demanding concerted effort towards cleaner production and

The 2015 Paris Agreement established a policy precedent to limit the efficient consumption.
rise in global average temperature to ‘well below’ 2 °C, whilst aiming for In June 2019 the UK Government passed legislation mandating the
1.5 °C, compared to pre-industrial levels; over 100 countries have set or achievement of net zero GHG emissions by 2050 (Priestley, 2019)." This
are planning targets for carbon neutrality (van Soest, 2021). Industry is a requires an unprecedented pace and scale of decarbonisation for the
critical target for these emissions reductions, representing 30% of global industrial sector which constituted 21% of the UK’s GHG emissions in
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1 ‘Net zero’ refers to the act of mitigating GHG emissions as close to near zero as possible, and using carbon removal techniques to offset the residual emissions. By
contrast, ‘carbon neutral’ can be interpreted as the act of offsetting existing emissions rather than proactive attempts to decarbonise.
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Abbreviations

BAT Best Available Techniques

BF-BOF Blast Furnace Basic Oxygen Furnace

BCA Border Carbon Adjustment

CCS Carbon Capture and Storage

CDR Carbon Dioxide Removals

CCC Climate Change Committee

BEIS Department for Business Energy and Industrial Strategy
EAF Electric Arc Furnace

EU ETS European Union Emissions Trading System

GHG Greenhouse Gas

H-DR Hydrogen Direct Reduction

IEA International Energy Agency
NETs Negative Emissions Technologies
UED Useable Energy Database

WLCA  Whole Life Carbon Assessments
WSA World Steel Association

2017 (p. 107, Climate Change Committee, 2019a). This scale of change
has not been demonstrated before in the sector, and is complicated by
the fact that much of the mitigation potential of energy efficiency, as
‘low-hanging fruit’, has already been captured.

In 2016 the UK iron and steel sector contributed 12% of industrial
emissions (p. 108, ibid). However, the steel sector has been a key
contributor to industrial mitigation in recent years, with 27% of re-
ductions to final energy consumption by industry attributable to the iron
and steel sector (p. 132, Hardt et al., 2018). Offshoring has been a sig-
nificant driver of the reductions, and a challenge remains in driving
action towards net zero through strategic decarbonisation rather than
carbon leakage. The closure of the SSI Redcar blast furnace site in 2015,
coupled with subsequent announcements of reductions in production
capacity across the UK are key factors in reductions to date (Rhodes,
2018).

The steel sector is worth approximately £1.6bn to the UK economy,
and represents over 32,000 jobs in the supply chain (Rhodes, 2018). The
steel sector is arguably strategic given the likely future demand in
supplying components of renewable energy and electricity distribution
infrastructure. The recent Industrial Strategy white paper outlined an
aim to ‘develop a commercially sustainable proposition in a competitive
global market’ (p. 239, Department for Business Energy and Industrial
Strategy, BEIS, 2018a), whilst the designation of a £250m Clean Steel
Fund highlights a growing commitment to supporting decarbonisation
in the sector as a strategic industry (BEIS,2019). This questions how
sustained emissions reductions in the industry can be achieved, when
the precedent for emissions reductions has been set mainly by un-
planned reductions to production capacity.

Further imperative is given for decarbonisation of the sector given
proposals by the European Union (EU) for a border carbon adjustment
(BCA). Designed as complement to the EU Emissions Trading System
(EU ETS), the BCA would protect against carbon leakage and competi-
tiveness impacts from energy-intensive imports; under the proposed
scheme the tariff would first apply to priority energy-intensive sectors
such as steel. Therefore developing low-carbon steel could confer a key
market advantage as many states look to increasingly ambitious climate
policymaking (Burke et al., 2021).

This analysis therefore aims to evaluate the relative mitigation po-
tential of a series of technology and coupled technology and material
efficiency scenarios, in achieving sectoral carbon budgets aligned with
net zero in the UK. Material efficiency is a form of demand-side action,
which is broadly defined as: ‘[t]he pursuit of technical strategies, busi-
ness models, consumer preferences and policy instruments that would
lead to a substantial reduction in the production of high-volume, energy-
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intensive materials required to deliver human well-being; expressed as a
ratio of the amount of product or service obtained by unit of material
use’ (p. x, Hertwich et al., 2020). That is, the delivery of the same useful
‘service’ with less material input, acting within the steel production
system (recovery, reuse, redesign) or on steel end-use as products
(lifetime extension, product sharing).

The analysis contributes to the literature in considering how tech-
nology and demand-side action may perform in relation to explicit
sectoral carbon budgets. Whilst previous research has considered
whether mitigation strategies may achieve GHG emissions targets
(Serrenho et al., 2016), our carbon budget perspective allows consid-
eration of the cumulative impact of the various strategies and the im-
plications of earlier or later action.

We develop a sector model, based on the UK Energy Research Centre
Useable Energy Database (Griffin et al., 2013) to frame discussion of the
role of technological and demand-side change in the iron and steel
sector. The analysis addresses three core research objectives:

1. To assess the mitigation potential of a range of technology scenarios
at varied levels of ambition towards achieving net zero aligned UK
steel emissions.

2. To evaluate the potential of material efficiency in the UK to close any
mitigation gaps towards net zero.

3. To discuss the importance of sectoral budget assumptions and other
uncertainties in estimating the scale of future mitigation required by
industry.

In this we use the phrase ‘net zero aligned’ emissions to account for
the uncertainty in the prescription of carbon budgets at a sector level; for
instance the budget level is contingent on the assumed capacity for
Carbon Capture and Storage (CCS) removals by 2050.

In section 2 we conduct a literature review of existing decarbon-
isation scenario analyses for the sector, technological mitigation op-
tions, the potential for material efficiency in steel production and
consumption, as well as discussion of sectoral carbon budget alterna-
tives. In section 3 we outline the data and methods used to construct the
sector model and develop the scenarios, before presenting and evalu-
ating the results of the scenarios in section 4.

2. Mitigation scenarios for the UK iron and steel sector
2.1. Existing scenario analyses

The majority of work on the mitigation opportunities in the iron and
steel sector are modelling studies, including stocks and flows (Serrenho
et al., 2016), material flows (Milford et al., 2013), and global simulation
models (van Ruijven et al., 2016). Few studies disaggregate to the UK, or
set the industry in the context of global climate commitments. Demand
reduction and mitigation technologies tend to be considered in isolation
in these studies without assessments of possible complementarity be-
tween scenarios.

Serrenho et al. (2016) provide a framework for this analysis, in that
they explore how UK demand for steel goods could be met under
emissions allowances based on 4 energy pathways found in the 2011
Carbon Plan. In their scenarios demand which cannot be fulfilled by UK
production under emissions constraints is met by offshored production.
Our approach builds on this by considering whether steel technology
and demand scenarios could be compatible with a more prescriptive
sectoral carbon budget. They conclude that climate policy could be
limited in reducing emissions in the sector on a global basis, without
greater domestic production (via EAF/secondary processing) and con-
sumption. Vogele et al. (2020) further explore the emissions effect of
industrial relocation for the German steel industry. Griffin and Ham-
mond (2019a) similarly assess the remaining potential for energy
demand/emissions reductions in the subsector, concluding that the main
opportunities are in the incremental energy efficiency improvements
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that can still be made. They conclude that continued energy efficiency
has the most potential, but do not explicitly consider options such as EAF
shifts — disruptive or novel options are viewed as highly uncertain, and
do not frame the need for reductions in terms of the wider climate
context.

2.2. Scenarios of future steel demand

Projections of future steel demand are affected by multiple un-
certainties, and a sensitivity to the global economic outlook; as a result
of recession following on from the coronavirus crisis demand for steel in
developed states is estimated to reduce by about 17% during 2020 as a
result of ‘massive dislocations in spending, labour markets, and confi-
dence’ (World Steel Association, WSA, 2020a). However, in the
long-term global demand for steel is projected to double by 2050 (All-
wood et al., 2010; Milford et al., 2013), driven by demand in developing
countries. An International Energy Agency (IEA) estimate suggests a
potential increase in steel production of 50% by 2050 against 2010
demand (pp. 41-42, Science Based Targets Initiative, 2015). The UK
could potentially be a key exporter of steel by mid-century, in order to
meet greater global demand. As a producer of high quality steel goods,
production could easily be expected to increase.

The recent Future Capacities and Capabilities of the UK Steel Industry
report projects a 20% increase in demand for finished steel by 2030
against 2010 levels (p. 47, BEIS, 2017). The BEIS Updated Energy and
Emissions Projections (BEIS, 2018b) provide projections of energy
consumption in the iron and steel sector to 2035. However, this indi-
cated an increase of only 1.4% in energy consumption from 2017 to
2035, in the Reference scenario. Since the projections are based on
extrapolation of historically observed trends, it may be that demand
reduction observed as a result of the recession has been forecast out to
2035. It is not clear what proportion of the reduction is anticipated from
reduced production, efficiency gains or other technology improvements.

Serrenho et al. (2016), based on Pauliuk et al. (2013), project a
saturation of demand for steel in the UK by 2030. But with projected
growth in demand for steel goods globally, there is likely to be a
continuing global market for UK products even if domestic demand re-
mains stagnant. Since 2001, the UK has become a net importer of steel
across most product categories (p. 27, BEIS, 2017). Whilst apparent steel
use per capita has recovered since the recession, a greater share of final
demand is being met by imported products, with only 27% of true steel
demand being delivered by the UK steel industry (ibid). In 2017, the
UK’s net imports totalled 3.1 Mt (WSA, 2018). In 2015, two thirds of
imports originated in the EU (Rhodes, 2020); by contrast, in the same
year, 52% of UK steel exports were to the EU. There is therefore po-
tential to both expand the share of UK demand being met by domestic
production and to improve the net balance of trade by increasing exports
of steel.

For further comparison of projections of steel demand in the litera-
ture see Table S1 (Supplementary Information).

2.3. Mitigation technologies

A number of modelling studies consider the remaining potential of
retrofit to Best Available Techniques (BAT) in the steel sector. Many of
these analyses are constrained by cost-effectiveness assumptions, that is,
implementation rate is determined endogenously by the payback period
of the designated BAT (Moya and Pardo, 2013). There is considerable
variation in the potential energy demand and emissions reductions
available from implementation of retrofit and upgrade technologies,
which may in part derive from the diverse modelling methodologies.

There is some consensus that BATs, retrofit and upgrade offers the
most promising short-term potential (Arens et al., 2017; Griffin and
Hammond, 2019b; Oda et al., 2007), whilst presenting limited further
potential in the long-term. There is also some indication that larger
structural change such as grid electricity decarbonisation (Oda et al.,
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2007) and reduced production (Arens et al., 2017) are the largest con-
tributors to achieving emissions targets. Pardo and Moya (2013) simi-
larly suggest that there is limited potential for mitigation via BATs in the
integrated route given the maturity of this production route. The find-
ings may be influenced by the share of integrated production in the EU
however, which was 59% in 2017, as opposed to 80% in the UK in 2017
(WSA, 2018).

There is a key distinction to be drawn between retrofit and upgrade
or replacement. For instance Worrell and Biermans (2005) note that
whilst stock turnover improved specific energy consumption by 0.7%
per annum, retrofit achieved 0.5% pa.

There is general consensus that novel technologies will be less sig-
nificant in reaching medium-term emissions targets given their com-
mercialisation requirements and the intersections of this with the long
investment cycles of the steel industry. However, it also important to
note that there has been a recent increase in declared investments in
low-carbon steelmaking technologies and demonstration projects. The
recently launched Green Steel Tracker provides a comprehensive over-
view of planned projects on a site basis (Vogl et al., 2021). Therefore the
assumptions of novel technology implementation in the UK are on the
basis of available evidence from the Useable Energy Database (Griffin
et al., 2013), and could be updated through consultation with industry.

The shift to greater EAF production is widely considered a mitigation
option, since it reduces the requirement for carbon-intensive feedstocks
such as coking coal, and instead makes use of scrap as primary feedstock.
Secondary steelmaking has been estimated as twice as resource efficient
as primary production (Gonzalez Hernandez et al., 2018). Similarly, the
electrification of heating processes means that there is greater scope for
decarbonisation of heat. Scrap availability and the difficulty of shifting
to greater EAF capacity, for instance with locked-in integrated infra-
structure, are viewed as constraints to EAF as a mitigation option.
However, Moya and Pardo (2013) identify that constrained availability
of raw materials to 2030 will prioritise the development of secondary
production techniques. Blast furnace blast oxygen furnace (BF-BOF) is
typically used in making flat products, whilst EAF is used for long
products, but in Germany EAF is beginning to be used to produce high
quality flat products (Arens et al., 2017), suggesting the future potential
of more EAF production.

The potential for EAF production to meet total true steel demand will
be dependent on both the composition of products making up this de-
mand, and the availability of scrap and its quality (Serrenho et al.,
2016). However, the UK is in a position of comparative advantage
regarding scrap, with high levels of annual arisings (Allwood et al.,
2019). For instance, in 2017 the UK exported 9.4 Mt of ferrous scrap
(WSA, 2018). Global scrap prices will ultimately determine the eco-
nomic viability of scrap recovery and use in secondary production, but
improved linkages between recycling facilities and the scrap supply
chain could support developing secondary steel production in the UK
(Allwood et al., 2019).

2.4. Material efficiency: the sooner the better

Given the outlined potential for significant increases in demand for
steel towards 2050, material efficiency or ‘material productivity’ should
feature as a critical strategy for mitigation in the sector (Scott et al.,
2018a). Allwood et al. (p. 12, 2019) note that steel demand could be met
with an eighth of the steel currently used, citing that only 75% of the
steel produced ends up in a product. They identify four key material
efficiency strategies, namely: ‘avoiding scrap’ and ‘over-design’, and in
producing ‘smaller goods’ with longer lifetimes (p. 13, ibid).

In this analysis we consider material efficiency strategies for both
steel production and consumption, that is, the production of steel within
the manufacturing value chain and the consumption of final goods.
Production-based strategies involve light-weighting, improving fabri-
cation yields, scrap recovery and reuse, optimised design, and material
substitution. That is, options for improving the efficiency of steel use
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within the manufacturing value chain.

Consumption strategies involve extended product lifetimes, encour-
aging the shared use of steel-based products, increasing product repar-
ability and remanufacturing, and substituting services for products
(Scott et al., 2018a). Strategies to change the consumption of steel often
involve ‘avoided use’ and act on how steel is used at the stage of final
demand.

In this analysis we estimate the impact of material efficiency on steel
sector emissions when combined with technology scenarios. This is
achieved by using three literature-based estimates of the steel demand
reduction which may occur from pursuing material efficiency strategies
(without making explicit assumptions about whether the reductions are
achieved through production or consumption sided material efficiency).
These top-down estimates are applied at an aggregate level across the
sector rather than considering specific aspects of the supply chain, and
therefore only present a high-level estimate of the potential without
identifying which individual strategies may be most effective. Pauliuk
and Heeren (2020) provide a detailed scenario analysis of the contri-
bution of individual material efficiency strategies to decarbonisation of
the German economy. Much of the potential is reflected in recent pro-
posals to extend the EU Ecodesign Directive to encompass ‘Right to
Repair’, and in calls to include embodied carbon standards in the
legislation (Scott et al., 2018b).

Material efficiency reduces final demand for steel and therefore
provides an effective industrial decarbonisation strategy. Material effi-
ciency reduces the required pace and scale of technology development
and dependence on less proven technologies (such as hydrogen or CCS)
(Griibler et al., 2018). Analysis by the Energy Transition Commission
states that ‘decarbonizing the harder-to-abate sectors would cost
significantly less if pursuing energy efficiency improvement and demand
management opportunities’ (p. 92, 2018). Demand reduction via ma-
terial efficiency would reduce the pressure to install costly decarbon-
ising technologies rapidly. Similarly, implementing technology
interventions alongside material efficiency strategies would reduce the
costs and required ambition levels for both. There is further potential
that greater demand reduction in the UK would also reduce demand for
carbon-intensive imported goods (Milford et al., 2013), acting to miti-
gate the UK’s consumption-based emissions account. As part of a wider
movement recognising the embodied impact of goods consumed
domestically, Liu et al. (2020) highlight that there is a need for shared
responsibility in the environmental and economic impacts associated
with the import of steel.

Various scenario analyses highlight the mitigation potential of
changing final demand for steel as a result of material efficiency. The
low energy demand (LED) scenario already assumes a 15% reduction in
demand for industrial commodities by 2050 from dematerialisation and
material efficiency actions (p. 518, Griibler et al., 2018). Dunant et al.
(2019) suggest a possible 12% reduction in demand for UK steel goods.
The Energy Transitions Commission estimate that circular economy
schemes could reduce global virgin steel demand by 38% by 2050 (ETC,
2018). Meanwhile in the IEA World Energy Outlook (WEO) 2015, their
‘Material Efficiency Scenario’ estimates that energy demand would
reduce by 21% in 2040 and emissions by 28% (IEA, 2015). Demand for
steel goods would also fall 26% (all against the New Policies Scenario;
ibid). Fischedick et al. (2014a,b) suggest that without global demand
reduction for steel, only novel technologies would be able to deliver
emissions targets for the sector, therefore this is an important aspect to
consider.

There is also a critical argument to test the temporality of material
efficiency, since Milford et al. (p. 3459, 2013) indicate the impact of
delays to material efficiency strategy on achieving cumulative carbon
budgets. Theoretically, earlier demand-side action could be dispropor-
tionately effective in reducing emissions when sectoral carbon intensity
is at its highest.

In essence, the degree of material efficiency required is inversely
proportional to the need for novel technologies, technological
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breakthrough and implementation of significant CCS removal capacity
in the sector. However, in practice material efficiency could dis-
incentivise investment in decarbonisation by reducing aggregate de-
mand for products and associated profit margins. There could be a lack
of direct economic benefit unless the manufacturer is a producer of final
goods. In reality, though material efficiency could significantly de-risk
the dependence on technologies to achieve net zero steel, it is a strat-
egy required in co-existence with technological change.

2.5. The role of CCS and hydrogen in steel

Hydrogen and CCS are commonly cited technologies with applica-
tions for low carbon steelmaking. However, modelling the mitigation
potential of these options is beyond the scope of this analysis given: a)
the complexity of accurately representing these routes; b) the specula-
tive nature of their demonstration and deployment, particularly in a UK
context. See Pimm et al. (2021) for comprehensive discussion of the
applications of hydrogen to the UK steel industry.

As Oda et al. (p. 156, 2009) note ‘for deep emissions cuts in the
BF-BOF route, CCS is one of the key technologies because a certain
amount of coke is indispensable for a role of structural material in the
blast furnace.” Therefore, depending on the share of BF-BOF in future UK
steel production, CCS could be a requisite part of new steel infrastruc-
ture. The potential for application of CCS to steel production facilities is
a critical research area, as highlighted by a number of recent analyses
(Chisalita et al., 2019; Garcia and Berghout, 2019; Mandova et al., 2019;
D’Amore et al., 2021).

However, as Wiley et al. (2011) suggest, capture at power plants may
be more effective than at blast furnace sites, given the reuse of flue gas
onsite and the potential of CCS to change the composition of the gas.
There is a sense in the literature that energy efficiency improvement
alongside CCS could be a viable route towards decarbonisation (Griffin
and Hammond, 2019b; Morfeldt et al., 2015). However, as discussed,
parallel implementation of material efficiency strategies would reduce
pressure on technologies to deliver the reductions.

Hydrogen used as a reducing agent in the Hydrogen-Direct Reduc-
tion (H-DR) process is a novel technology with significant estimated
savings compared to the integrated production route (Vogl et al., 2018).
BEIS commissioned research found that fuel switching to hydrogen
could occur for approximately half of all fossil fuel use in manufacturing
(CCC, 2018). There are some H-DR plants in operation, as highlighted in
the Green Steel Tracker (Vogl et al., 2021), and ThyssenKrupp are tri-
alling the use of green hydrogen in blast furnaces (Winter, 2020; Pimm
et al., 2021a). However, some demonstration projects indicate they will
require 20 years before full commercialisation (Ahman et al., 2019).
Whilst 23 hydrogen steelmaking projects are being demonstrated in
Europe, there are no clear proposals for comparable projects in the UK
(ECIU, 2021).

In the LED database, the share of hydrogen in final industrial energy
demand in the global north was 0 in 2050 (IIASA, 2018). Furthermore,
the sustainability and carbon intensity of hydrogen production is highly
contingent; the majority of hydrogen currently available is produced
from natural gas (grey), but cleaner versions using CCS (blue hydrogen)
and generation from renewable sources (green hydrogen) pose cleaner
options for future production. Hydrogen steelmaking was not included
in this analysis given the commercialisation constraint and the depen-
dence on the future availability of clean hydrogen in the UK (infra-
structure for which is in only the early stages of development).
Fischedick et al. (2014a,b) indicate that HDR could have most benefit
after 2050. There is also likely to be competing future demand from
different economic sectors for the use of CCS and hydrogen, which could
complicate how accessible such resources are for UK steelmaking.
Hydrogen steelmaking plants require large scale capital investments
which are beyond the economic scope of single sites in the UK, requiring
substantive new policy supports and business models to drive deploy-
ment for long-term decarbonisation (Karakaya et al., 2018; Kushnir
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et al., 2020).

2.6. Sectoral carbon budgets

The Climate Change Committee’s (CCC) Net Zero report and subse-
quent 2020 Progress Report (CCC, 2020a; 2019b) disaggregate net zero
aligned GHG emissions budgets to the sector level, indicating a steel
budget consistent with the target in two scenarios in 2050 (the 9th
carbon budget period). UK steel sector emissions in 2016 stood at 12.5
MtCO»e; in the ‘core’ scenario residual emissions in the UK steel sector in
2050 are 6.1 MtCOse, and in the ‘further’ ambition case are 0.7 MtCOqe
(CCC, 2019b). The residual budgets presuppose linear reductions in the
emissions of the sector from 2018 to 2050.

However, the budgets do not represent a continuation of the current
sectoral share of industrial emissions. That is, whilst steel emissions
currently represent 12% of industry emissions, in the core scenario the
share reduces to 11%, and in the further ambition scenario to 8%. This
reflects a prioritisation of harder-to-abate sectors with higher process
emissions, given an increase in the share of industrial emissions from 2%
in 2016 to 4% (core) and 12% (further ambition). The allocation of
budgetary share in 2050 is a reflection of the assumption of CCS re-
movals capacity in each scenario. Fig. 1 indicates the difference in the
absolute emissions time series when assuming either the core or further
ambition scenarios, with either an assumption of prioritisation of pro-
cess emission sectors or continued sectoral share of industrial emissions
(e.g. maintained at 12% to 2050).

Fig. 1 also indicates the abatement pathway for the sector put for-
ward by the CCC in their recent 6th Carbon Budget advice (CCC, 2020b).
Whilst the residual emissions in the new scenario are almost the same as
in the further ambition case, the critical difference in this new mitigation
profile is the assumption of a more logistic, or s-shaped, rate of decar-
bonisation, with particularly rapid acceleration in the 2030s. This has
direct implications for the cumulative carbon budget of the steel sector,
which is approximately 18.9 MtCOse lower than in the most ambitious
linear reduction scenario of the previous analyses. In this analysis we
compare our technological and material efficiency mitigation scenarios
to the budgets set out by the net zero report to avoid making further, and
potentially conflicting, assumptions about the rate of deployment of the
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various abatement measures.

The core and further ambition scenarios are differentiated by the
assumed abatement cost and proportion of CCS deployed in industry and
that would be available to each sector. The core scenario denotes low
cost and ‘low-regrets’ options, whilst the further ambition case involves
rapid deployment beyond typical industrial turnover rates (CCC,
2019b). Large scale implementation of CCS is assumed, with capacity of
between 75 and 175 MtCO» per annum by 2050 (ibid).

In contrast, Griibler et al. (2018) indicate the potential of a low en-
ergy demand (LED) scenario without dependence on CCS or negative
emission technologies (NETs) to achieve residual emissions compatible
with 1.5 °C by mid-century. Similarly, the recent IPCC Special Report
provided 4 illustrative pathway archetypes, with varying dependence on
carbon dioxide removal (CDR) methods (p. 112, Rogelj et al., 2019).
Both highlight the trade-off between the degree of demand reduction
and reliance on unproven CCS/NETs/CDR.

Other precedent for setting sector-level budgets is in terms of
corporate target-setting practice, namely the Science-Based Targets
Initiative (SBTi) which applies the sectoral decarbonisation approach
(SDA) to derive company-specific targets in line with global 1.5 path-
ways (CDP et al., 2019). Other methodologies for deriving sector bud-
gets include the ‘flat’ application of industry-level reduction targets to
the specific subsector, as in Arens et al. (2017), where reduction targets
are equal and proportional across sectors. This is equivalent to assuming
the same sectoral share in industrial emissions. Whilst policy for specific
sectors is set at the national level, given the global interest in mitigation
and the international trade in basic materials, there is a need for a co-
ordinated global strategy on industrial decarbonisation.

In this analysis we adopt the CCC sectoral budgets as a UK specific
estimate, though we consider the further ambition residuals as the upper
bound of reduction potential without using CCS.

3. Methods
3.1. Constructing a steel sector model

A top-down iron and steel sector model was developed to evaluate
the mitigation potential of four technology scenarios and combined
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technology and material efficiency scenarios to 2050 (Fig. 2). The model
produced time series of GHG emissions between 2017 and 2050 on a
territorial basis. This analysis aggregates production routes to integrated
(BF-BOF) and electric arc furnace (EAF), rather than the conventional
primary/secondary split, adopting the same broad approach as Moya
and Pardo (2013). This also follows the split of ‘site types’ in the UED
(Griffin et al., 2013). Since EAF production has a very small component
of primary processing, mainly using scrap, it is synonymous with sec-
ondary production in the literature.

2017 is taken as the base year for the scenarios, as the most recent
year for which baseline data was available at the time of analysis,
namely production data. It is assumed that implementation of the sce-
narios can start at the earliest in 2022. This assumption is constant
across the scenarios. 2050 is taken as the lead time corresponding with
the UK’s legislated net zero climate commitment. The CCC carbon
budget period including 2050 (period 9), spans 2048 to 2052; in our
scenarios we assume that the emissions achieved in 2050 in each case
are held constant to 2052 for purposes of calculating carbon budget
alignment. Many studies in the literature only consider 2030 as a lead
time (Oda et al., 2007), and there is necessarily increased uncertainty in
projecting over longer lead times. The Industrial Decarbonisation and
Energy Efficiency Roadmaps (Department of Energy and Climate
Change and the Department for Business Innovation and Skills, 2015)
suggest that with typical investment cycles of 25-40 years, the iron and
steel sector has only 1-2 investment cycles remaining to 2050. Taking a
target year of about 2050 allows for possibly 2 investment cycles, and
this assumption has been used to inform the implementation rates of the
technology scenarios.

The UED assumes a share of approximately 70% BF-BOF and 30%
EAF production (Griffin et al., 2013). The current share of production
was derived from WSA production data (WSA, 2018), where 80.1% of
UK production is via the integrated route, 19.9% through EAF. In all
scenarios but that considering shifts to further EAF production, we as-
sume a constant split between the share of BF-BOF to EAF production.
Emissions factors were taken from the UED as providing the most
internally consistent source of data for all sector-specific energy input-
s/outputs. Emissions factors for the carbon intensity of grid electricity
were updated however, they reduced by 56% between 2010 and 2020
(BEIS, 2018c). Emissions factors were applied against the energy in-
tensity profiles for each technology scenario. Given the inherent un-
certainty in projecting the UK’s future crude steel demand, we assume
that demand in the UK remains constant from 2018 levels to 2052,

A: Retrofit B: Best practice

C: Novel
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taking a trade-neutral approach. The WSA (2020b) provided production
data for the years 2017 and 2018. Production in 2018 was 7268 kilo-
tonnes crude steel (ktcs), and 7491 ktcs in 2017 (ibid).

3.2. Modelling technological mitigation options

The subsector model is based around 4 technology scenarios
(Table 1). The impact of technology changes on the energy inputs and
outputs of both production routes was modelled in each scenario,
resulting in time series of changing energy intensity for each production
routes. This was applied against the final demand baseline, the emis-
sions factors, and assumptions of the share of each route as fraction of
total production, as outlined in equation (1).

E-33 0 PG)D )

The total emissions (E; MtCO3) from a scenario in any given year in
the time series (y), is the sum for each production route (r) and fuel (f) of
the product of the final energy intensity of production for the given
production route and fuel (I,5; GJ/tcs) the percentage of production
fulfilled by each route (P;), the emissions factor of the fuel (Cg tCO2/GJ)
and the UK final demand for steel (D; tcs).

Equation (1) indicates the intervention points for reducing emis-
sions: by changing the intensity of production of a particular route and
fuel (e.g. retrofitting efficiency technologies), changing the proportion
of production filled by each route (e.g. switching to new technologies, or
increased EAF production), changing the carbon intensity of fuels (less
applicable here, but improvements in the carbon intensity of electricity

Table 1
Overview of technology scenarios.

Scenario ref. Description

A: Retrofit Implementation of retrofit efficiency technologies derived from
the Useable Energy Database (for further detail see the
Supplementary Information, Sections 2-3).

Updating existing equipment stock to new, current best
practice efficiency technologies.

Moving to a greater share of EAF production, with a reduction
in production by BF-BOF.

Adoption of technologies which are not yet commercialised, or
proven at scale, but which offer radical process changes and
emissions reductions.

B: Replacement
C: Fuel shift

D: Novel
technologies

technologies

Reduction Best Bes_t
to baseline practice practice
EI (EAF) EI (EAF) El

Reduction
to baseline
El (both
routes)

Reduction
to baseline

(integrated) (integrated)

Reduction
to baseline

(integrated)

D: Fuel

| |

shift

‘ (%)

Varied %
‘ EAF

production

I Final E time series (GJitcs; 2017-2050) ‘
| Time series of final demand (tcs; constant 2018-2050) ‘ — nsn’;':::f;‘:';y,ﬁac':::yf;slfol

‘ ‘ ‘ ‘ Reduction to final demand (%) ‘
| Absolute energy demand time series (GJ; by fuel) ‘

itivi lysis 1:

‘ Emissions factors per fuel (tC0:/GJ) | — :;’;’i'ﬂ'c"l"‘;’ e

J J } 3 Grid electricity carbon intensity

at 0 gCO/kWh reached in target years

Aggregate emissions time series (MtCOz; 2017-2050) |

Fig. 2. Simplified schematic of the iron and steel model. EI stands for energy intensity.
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favour EAF production) and changing total demand for steel.

The UED provides data on the energy demand reductions (GJ per tcs)
to each energy input/output per mitigation technology. For each sce-
nario a time series of reductions in energy intensities with technology
implementation was developed. This was subtracted from the reference
case fuel balance. This was then transposed onto the baseline energy
intensity for the subsector, or, if a technology was route-specific, to the
baseline energy intensity for either the integrated or EAF route. This
produced time series of energy intensities for each scenario (GJ/tcs).
Multiplication of these values by the final demand values per production
route resulted in absolute energy demand values (GJ). Emissions factors
were then applied to create emissions times series from 2017 to 2050.
All technology scenarios assume linear implementation between the
specified target years, according to the assumptions of the ambition
levels for each technology (Table 2).

3.2.1. Retrofit

The retrofit scenario represents incremental improvements to energy
efficiency in the sector, which more or less reflects the trajectory it has
been following to date. Continuous retrofit appears to be a key approach
in the sector, as a means of minimising energy costs. Given the length of
investment cycles in the sector, it was assumed that a central scenario
would mean 100% implementation of all technologies by 2050. Since
investment cycles are typically 25-40 years in the sector (DECC/BIS,
2015), this represents a median value for the investment period
in-keeping with the idea that many sites will already have implemented
these technologies since the creation of the UED. At least 3 of the 6 UK
steel sites (2 integrated, 4 EAF) have recently undergone major up-
grades. Sheffield Forgemasters reported an EAF refit in 2017, Tata Steel
at Port Talbot a 2019 refit of a blast furnace, and British Steel announced
an upgrade at Scunthorpe in 2018 (BBC News, 2018; 2019). Therefore it
is assumed that major investments have just been made, making c. 2020
the start of a new investment period. The variation in estimates of both
plant lifetimes and investment periods in the literature, are used as
bounds for the low and high ambition scenarios (see Tables S3-5 for
detail on ambition level assumptions). The recency of these upgrades
however (i.e. in 2017, 2018, 2019 etc.) could mean that the technologies
modelled from UED data could already have been implemented.

To model the effect of implementing the technologies associated
with energy efficiency the total reductions in energy use achieved by
100% implementation of all options were calculated. The following
implementation rate variables were also accounted for: existing level of
implementation, maximum theoretical implementation, application of
the technology to integrated, EAF, or both routes, commercialisation
year, and conflict between technologies. For a list of the technologies

Table 2
Overview of assumptions in technology scenarios, by level of ambition.
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included see section 3 of the Supplementary Information.

3.2.2. Best practice

This scenario assumed implementation of best practice energy in-
tensity for the sector, derived from Worrell et al. (2008). This models a
‘faster’ attainment of best practice values than incremental efficiency
improvements. It is assumed that best practice represents the potential
of entirely new equipment, that is, the ‘replacement’ of current stock to
best practice. The best practice ambition levels follow the same rationale
as the retrofit scenario.

3.2.3. Fuel shift

In this case, the dependent variable was the percentage share of total
production by each route. The scenario was implemented by using the
baseline fuel inputs and outputs for each route, and varying the pro-
portion of each as a time series. This assumed linear interpolation to
grow the use of EAF to the percentage share specified to be reached in
2050.

3.2.4. Novel technologies

The same approach used to implement the retrofit technologies was
adopted here, but in this case the variable was implementation rate by
2050 rather than the year in which 100% implementation was achieved.
In this scenario, options in the UED which use CCS were purposely
excluded given the uncertain effectiveness and potential for competing
demand for this technology by 2050.

Given the earlier availability of Midrex and TGR-BF (relative to other
novel technologies, see Table 3), these options were modelled with
varying levels of implementation by 2035 and 2050. The novel tech-
nologies tended to conflict with others in this category, that is, the
technologies are to a degree mutually exclusive; the assumption made in
the UED is adopted here, where when implemented in parallel these
technologies can only be applied to 50% of the ‘baseline output’. The
technologies are implemented to their ‘expected’ value for 2050 (as
derived from the UED), before the conflict assumption has been taken
into account. The model allows implementation of a maximum of two
novel technologies at a time. Since the expected levels of implementa-
tion are so low in 2050, it was seen that combining more than two op-
tions would not be realistic. Similarly, in reality the commercialisation
process would not follow a ‘curve’ in the UK given the small number of
sites.

3.2.5. Sensitivity analysis: electricity decarbonisation
A sensitivity analysis was carried out on the effect of grid electricity
decarbonisation on the technology scenarios. This is to reflect both the

Ambition level

Low Central High
Scenario  A: Retrofit 75% of mitigation potential realised in 2050 100% of mitigation potential realised in 2050 100% of mitigation potential realised
in 2050
B: Replacement Best practice in 2060 Best practice in 2050 Best practice in 2035
C: Fuel shift 25% EAF production in 2050 50% EAF production in 2050 75% EAF production in 2050
D: Novel MIDREX only implemented (to expected levelsof =~ TGR-BF and MIDREX implemented (to expected TGR-BF and MIDREX implemented
technologies implementation, see Table 3) levels of implementation, see Table 3) (100% implementation)
Table 3

Overview of novel technologies in the UED (Griffin et al., 2013).

Type of technology change Estimated 2030 adoption Estimated 2050 adoption

Technology Estimated commercialisation year Maturity/readiness level
TGR-BF without CCS 2025 Demonstration

HiSarna 2030 Demonstration

MIDREX Present - Commercial

ULCOWIN 2040 R&D

Major 33% 100%
Major N/A 66%
Radical N/A 20%

Radical N/A 10%
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certainty of future grid decarbonisation in the UK (as outlined in the
recent Energy White Paper; BEIS, 2020a), as well as the uncertainties of
when this might be achieved and through what energy mix. To imple-
ment this sensitivity, the emissions factors associated with imported
electricity inputs (that is electricity not auto-generated by the steel
plant) were varied. Dynamic linear interpolation allowed selection of
the year in which emissions from electricity generation reached net zero.

Emissions factors for grid electricity in the years 2017-2020 were
derived from the BEIS Conversion Factors (2018c; see SI, Table S8). For
year 2021, the values from 2020 were held constant, and any assumed
changes to emissions intensity occurred from 2022 onwards. The effects
of reaching low carbon grid electricity by 2040, 2050, and 2060 were
tested. The IEA’s 2° scenario (2DS) assumes a global average carbon
intensity of electricity of 0 by 2060, whilst the beyond 2° scenario
(B2DS) suggests 0 by 2050 and -10 (gCO2/kWh) by 2060 (International
Energy Agency, 2017). Therefore our assumption of 0 gCO2/kWh as
indicative of ‘net zero’ electricity is broadly in-keeping with the litera-
ture, and consistent with our assumption of minimal CCS
implementation.

3.3. Modelling material efficiency

The impact of changing final demand for steel produced in the UK as
a result of domestic action on material efficiency was evaluated. Based
on the literature review conducted in section 2.4, three high-level esti-
mates of the potential for demand reduction in the steel sector via ma-
terial efficiency were tested (Table 4). This indicates aggregate potential
at a sector level, rather than the potential from individual material ef-
ficiency strategies (such as lightweighting), or action taken in specific
subsectors of the supply chain (e.g. the construction or automotive in-
dustries). It is important to note however, that only the estimate pro-
vided by Dunant et al. (2019) is specific to the UK, with the other
estimates suggesting the global potential of material efficiency.

Table 4
Summary of high-level material efficiency estimates adopted in the analysis.

Material efficiency scenarios Percentage demand reduction through

material efficiency by target year (%)
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Material efficiency was modelled by using reduced steel demand
over the 2017-2050 time series as a proxy for the effect of the material
efficiency strategies. The point at which material efficiency was inte-
grated to the sector model is indicated in the model schematic (Fig. 2).

3.3.1. Sensitivity analysis: demand reduction profiles

Logically, earlier demand reduction via material efficiency should
have larger cumulative mitigation potential than later action, since en-
ergy intensity is likely to be higher in the near-term. Therefore a sensi-
tivity analysis was carried out on the effect of changing the assumed rate
of demand reduction via material efficiency. The high-level material
efficiency estimates from section 3.3 were input both linearly and
logistically. In the logistic cases, the midpoint year was varied to test the
effect of earlier or later demand reduction; the years tested were 2030,
2035, 2040, and 2045. Fig. 3 indicates the resulting demand profiles
from the varied assumptions of the timing of material efficiency.

3.4. Limitations and boundaries of the analysis

In reality, technology scenarios would likely be implemented in
parallel (e.g. EAF retrofit alongside greater conversion to EAF), similarly
retrofit and achieving best practice energy intensity are not mutually
exclusive actions. Therefore, considering potential pathways of com-
bined technology scenarios, without incurring double counting, could
be a further valuable step beyond the scope of this analysis. This analysis
does not intend to identify an ‘optimal’ route, but to outline the relative
potential of the available options.

Hidalgo et al. (2005) consider a ‘homogenous steel product’ in their
global model due to a lack of data, and as a way of reducing complexity.
However, testing the implications of shifting to a greater share of EAF
production for scrap would be a further useful extension to this work.
Indeed, scrap availability is used as a constraint in many modelling
scenarios of the sector (Serrenho et al., 2016).

Approaches such as that of Moya and Pardo (2013) make assump-
tions of implementation rate on the basis of payback periods per tech-
nology. An assessment of costs could be valuable to the analysis, as this
is often considered the primary limitation on the rate of upgrade.

A critical limitation may be in the top-down modelling approach,
which as noted by Griffin and Hammond (p. 3918, 2019a) ‘has the

2030 2040 2050 advantage of covering a large proportion of energy demand, but it is
Energy Transitions Commission (2018) 12 25 38 limited by the level of disaggregation available from industry-wide
IEA (2015) 17 26 statistical sources. Thus, the conclusions that can be drawn from such
Dunant et al. (2019) 4 8 12 . o 1s s S . .
top-down studies are often only ‘indicative’ in nature’. Given the aim of
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Fig. 4. Time series results of technology scenario mitigation potentials. Shaded
areas represent the range between the high and low ambition scenarios.

this work to assess illustrative potentials of various mitigation options,
the top-down approach was judged sufficient for the purposes of the
analysis.

Further insight into the existing technological baseline (i.e. which
retrofit technologies are already in place) would improve the analysis, as
public data on implemented retrofit technologies is severely limited. A
future extension of the work could involve consultation with expert
stakeholders, as in the approach of Lechtenbohmer et al. (2015), to
determine which technologies are already in place, and which would be
most feasible.
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4. Results and discussion
4.1. Technology scenarios

The results of the four technology scenarios (Fig. 4) indicate that the
retrofit scenario has most potential to 2050, in reducing absolute
emissions from the sector by between 54 and 64% according to ambition
level between 2016 and 2050. The best practice scenario suggests a
reduction potential of between 31 and 39%, whilst the fuel shift scenario
indicates potential reductions of between 11 and 55%. In the novel
technology scenario a range of between 16 and 41% is indicated,
although according to the time series trend the largest reduction is
achieved towards 2050, therefore assessment of the cumulative emis-
sions per scenario may be more valuable. Novel technologies could
prove to be valuable if considering time horizons beyond 2050. In any
case, the technology scenarios only achieve reductions in line with the
Core CCC budget in some cases; for instance, the retrofit scenario, and in
the high ambition EAF scenario. In the central ambition case only the
retrofit scenario has potential to achieve the core budget; Fig. 5 indicates
the scale of the challenge in realising reductions aligned with the bud-
gets with technologies alone.

4.1.1. Sensitivity 1: grid decarbonisation

Table 5 summarises the results of the grid decarbonisation sensitivity
analysis, in which the carbon intensity of electricity is in line with net
zero (at 0 gCO2/kWh) in alternately 2040, 2050 or 2060.

This system-wide decarbonisation represents between —3 and —9%
reductions in the cumulative emissions of the scenarios against assuming
constant carbon intensity. It might be expected that the effect would be
particularly pronounced in the fuel shift scenario, which involves a
significant degree of electrification. Although there is relatively greater
influence from grid decarbonisation on the fuel shift scenario (Fig. 6),
this difference is marginal, perhaps due to the timescales over which the
transition to greater EAF production occurs in each ambition case and
how this intersects with grid decarbonisation.

4.2. Material efficiency towards mitigation gaps

Table 6 indicates the potential of applying the high-level material
efficiency estimates to the technology scenarios. Comparing the cumu-
lative emissions results to the budgets described in section 2.5, only the
high ambition retrofit scenario coupled with material efficiency action
achieves the most stringent CCC budget (further ambition) (assuming
2050 grid decarbonisation). A greater proportion of the scenarios ach-
ieve the constant sector share budget at the further ambition level,
which suggests that this budget level may be more realistic in light of the
technical potential without assuming CCS capacity in the sector.

Fig. 7 indicates that at a central level of ambition in the technology
scenarios and assuming the ETC (2018) material efficiency estimate,
most scenarios are in line with the core CCC budget, but further miti-
gation would be required to reach levels aligned with the ‘further
ambition’” budget.

4.2.1. Sensitivity 2: demand reduction profiles

The sensitivity analysis on the rate at which material efficiency
would be implemented, thus affecting final demand for crude steel,
suggests - as might be expected - that earlier action reduces the cumu-
lative emissions of the scenarios (Table 7). However, as compared to the
cumulative emissions in a linear reduction scenario, only the 2030 lo-
gistic scenario achieved reductions whilst later logistic trends increased
the cumulative emissions against the linear scenario. This suggests that
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Table 5
Summary of changes to cumulative emissions by technology scenario and year in
which net zero electricity is achieved.

earlier action on material efficiency can be more effective, but that this
is contingent on immediate action (i.e. front-weighted before 2030).

4.3. Strategies and policies for sustainable steel

Current policy for the iron and steel sector centres on industrial
strategy, compensating for carbon reduction policy costs, and protecting
the UK steel industry from international imports (Rhodes, 2018). Gov-
ernment policy currently consists of public procurement, anti-dumping
levies, and EU ETS compensation (p. 13, ibid). A 2015 meeting of the
EU Competitiveness Council on the Steel Industry agreed on several
actions, including adopting European Commission ‘circular economy’
strategy, state aid rules for energy-intensive industry, and committing to
a review of the EU ETS and its impact on the sector (pp. 14-15, ibid). It
can be seen that post-recession, policy has been directed towards the
economic stability and sustainability of the sector through industrial
strategy, rather than environmental improvement.

UK policy emerging to address the recession resulting from Covid-19
has been framed around ‘green recovery’, for instance the 10 Point Plan
and a £350m raft of investment announced in August 2020 (BEIS, 2020;

Scenario  Ambition level ~ Percentage change in cumulative emissions against
constant grid carbon intensity to 2050 (%)
2040 2050 2060
Retro Low —5% —4% —4%
Central —5% —4% —4%
High 5% —4%  —4%
Best Low —4% —4% —3%
Central —4% —4% —-3%
High —4% —4% —3%
Shift Low —5% —4% —4%
Central —7% —6% —5%
High —9% 8%  -7%
Novel Low —5% —5% —4%
Central 5% —4% —4%
High ~7%  —6%  —5%
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Fig. 6. Cumulative emissions of the technology scenarios in the electricity sensitivity analysis. Error bars indicate the range in results in assuming 2040 year

decarbonisation (lower bound), and 2060 decarbonisation (upper).
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Table 6
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Summary of cumulative emissions in each technology and combined technology and material efficiency sce-
nario, according to the three estimates of material efficiency potential.

Budget assumption

Total (2016-2050)

Less than

<222

CCC Industry Budget (FA)

222

Maintained sector share (FA)

230

CCC Industry Budget (Core)

322

Maintained sector share (Core)

334

Over 10% more than highest budget

= 367

Scenario | Ambition | Cumulative GHG emissions (2016-2050; MtCOze)
level Technology scenarios Technology and material efficiency
scenarios (linear, 2050 decarbonisation)
Constant 2050 electricity | ETC (2018) IEA (2015) Dunant et al.
decarbonisation (2019)
Retro Low 313 300 261 273 288
Central 295 282 247 258 271
High 245 234 207 216 226
Best Low 363 349 297 314 333
Central 348 335 286 302 319
High 318 306 263 277 293
Shift Low 399 382 322 341 363
Central 359 338 290 305 323
High 320 295 257 269 283
Novel Low 390 371 314 332 353
Central 394 377 318 337 358
High 346 325 280 294 311

HM Government, 2020). More detail is required on the design of in-
dustrial policies to determine whether recent commitments mark a
substantively new approach. Strategic support will need to address
decarbonisation alongside financial stability (Chiappinelli et al., 2021).

There are several policy tools which could be pursued to strategically
decarbonise the steel sector, falling under the following strands: 1)
driving deployment of available and novel technologies; 2) promoting
material efficiency across the value chain; 3) addressing embodied
emissions through standards; 4) developing effective business models; 5)
defining a regional approach to the sector; and 6) considering the value
of sectoral carbon budgets.

4.3.1. Driving deployment of available and novel technologies

The deployment of mitigation technologies with large upfront capital
costs could be encouraged by policy tools which de-risk investment in
the context of policy uncertainty, such as soft loans and partial risk
guarantees. New policy mechanisms such as Carbon Contracts for Dif-
ference could also have potential applications in the steel sector by
providing a stable price for low-carbon materials (Sartor and Bataille,
2019).

Moya and Pardo (2013, p. 81) suggest that ‘demand-pull in-
struments’, for instance, ‘emission taxes, adoption subsidies or direct
public-sector investments’, which create incentives and lower the costs
of adopting new, cleaner technologies. Tax mechanisms (for instance
capital allowances or corporation tax reliefs) could be applied at the
technology or firm level, or could take the form of outcome-based re-
bates. Accelerated depreciation is another taxation approach incenti-
vising investment in low-carbon technologies by writing off tax at the
early stages of the asset lifetime (Larkin, 2014). Vogl et al. (2021a)
provide a comprehensive evaluation of the role of demand creation and
direct subsidy approaches to develop the green steelmaking industry.

Since the analysis suggests earlier action may be disproportionately
effective and that existing technologies may be best positioned in the

11

near-term to deliver the cumulative emissions reductions required,
policy action in this area is critical.

4.3.2. Promoting material efficiency across the value chain

As a relatively low-cost option, demand reduction can be incenti-
vised through policy, as indicated by the recent EU Circular Economy
Action Plan (EC, 2020). Milford et al. (p. 3461, 2013) also identify
several policy options in this area, including: creating business oppor-
tunities for deconstruction, re-use, maintenance of steel products and
scrap processing, as well as influencing consumers through extending
product lifetimes and encouraging shared ownership.

Developing improved logistics for more efficient scrap utilisation
could enable greater EAF production capacity and enhance material
efficiency opportunities, with more domestic use of UK scrap. This is
particularly important given an estimated 80% of scrap is currently
exported (Harvey, 2019). Better scrap processing capacity could provide
streams of diverse scrap qualities. Material pricing mechanisms such as
virgin material taxes and material price stabilisation mechanisms have
been also proposed as means of respectively creating value in secondary
materials and guaranteeing the stability of that price (Green Alliance,
2018).

There are also a number of consumption-based material efficiency
strategies. For instance, there is evidence for the high public accept-
ability of shared ownership and lifetime extension initiatives (Cherry
et al., 2018). Creutzig et al. (2016) also draw attention to the behav-
ioural practices which could contribute to demand reduction without
requiring new technologies. Such strategies could be supported through
policy such as Right to Repair and Extended Producer Responsibility
regulations, improving reparability by design and reducing final de-
mand for new products, whilst also delivering cost savings to consumers.

4.3.3. Addressing embodied emissions through standards
Two forms of standards could be relevant policy tools to decarbonise
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Fig. 7. Comparison of coupled technology and material efficiency scenario budgets with CCC net zero budgets, across the carbon budget periods. Technologies are
modelled at central ambition, and the ETC (2018) material efficiency estimate is assumed.

Table 7

Summary of the percentage change in cumulative emissions according to the
rate of final demand reduction through material efficiency. All scenarios assume
2050 grid decarbonisation.

Scenario  Cumulative GHG emissions in the Percentage change to
linear reduction scenario (MtCO-e) cumulative GHG emissions in
varied logistic implementation
scenarios, against the linear
baseline (%)
2030 2035 2040 2045
Retro 247 —6% 6% 5% 4%
Best 286 —6% 6% 6% 5%
Shift 290 —6% 6% 6% 5%
Novel 318 7% 6% 6% 6%

the steel sector, if appropriately designed. Product standards specify a
‘carbon cap’ on embodied emissions for certain materials and products,
and could function to phase-out emissions-intensive goods from the
market. Such standards would require a robust methodology for car-
rying out Whole Life Carbon Assessments (WLCA), and the potential risk
of carbon leakage from the standard would need to be evaluated. Border
Carbon Adjustment (BCA) mechanisms price or regulate carbon
embodied in imported goods at the border, and have been proposed as
methods to address carbon leakage. However, their political and tech-
nical complexity could limit their effectiveness (Sakai and Barrett,
2016).

Public procurement guidelines or purchasing standards could be
appropriate levers to signal demand for low-carbon steel (ETC, 2018),
but this would be dependent on how strong an effect the new source of
demand has on the sector and whether this provides sufficient incentive
to invest in decarbonisation. The Buy Clean California Act sets a carbon
cap on the public procurement of construction materials within the state
(including steel); materials eligible for procurement must fall under an
embodied emissions benchmark (State of California, 2020). The relative
ability of standards to drive the market transformation of steel pur-
chasing in the UK needs further assessment.

4.3.4. Developing effective business models

The technology and material efficiency scenarios assessed could be
encouraged through new business models (Allwood, 2013). Axelson
etal. (2021) provide a systematic evaluation of the business models that
could be used to implement industrial decarbonisation strategies in the
steel industry.
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HYBRIT is a Swedish public-private partnership, demonstrating the
use of hydrogen as a reducing agent (Hydrogen Direct Reduction or H-
DR) (Ahman et al., 2019; ETC, 2018). The involvement of Vattenfall, the
state electricity company, indicates how new national energy in-
frastructures could be integrated to the manufacturing sector. This
provides a model for deployment and demonstration of high-cost tech-
nologies for the sector, and for the role of government intervention in
supporting steel decarbonisation (Karakaya et al., 2018; Kushnir et al.,
2020).

Steel demand is driven disproportionately by the construction in-
dustry, with half of global steel production used for the development of
infrastructure and buildings (Moynihan and Allwood, 2012). Therefore
sector-level partnerships could be appropriate as a way of capturing
opportunities for material efficiency across the steel value chain. For
instance through the recovery of end-of-life products used in the con-
struction industry.

4.4. Directions for future research

Given the supply-chain complexity of the UK steel sector, particu-
larly reliance on production of intermediate goods, it would be valuable
to assess the impact of the scenarios on consumption-based emissions.
An extension to the analysis could involve applying the material effi-
ciency scenarios to imported steel products, to assess the extent to which
overseas action on material efficiency could contribute towards do-
mestic mitigation. However, this would necessarily require further as-
sumptions about the future trade of UK steel.

There is scope for considering the implications of the technologies for
changes in non-energy inputs/outputs, which may represent limitations
on the feasibility of the scenarios (i.e. scrap availability). More granular
economic analysis would also be valuable, particularly in considering
the trade-offs between scenarios, for instance in investing in integrated
route retrofit, when there is a broader shift to replacement with EAF
capacity.

5. Conclusion

Material efficiency was demonstrated to be a critical strategy to-
wards achieving net zero steel emissions in the UK, in combination with
rapid deployment of existing technologies. Nonetheless, the share of
residuals in most scenarios indicated the need for some allocation of CCS
removal capacity in the industry. In-line with much of the literature, the
analysis has suggested the continuing importance of retrofit to near-term
emissions reductions, given the low expected commercialisation of most
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breakthrough technologies by 2050 (Griffin and Hammond, 2019a).
However, demand reduction is also considered important in order to
meet emissions targets on a cumulative basis, and it is seen that ‘faster’
demand reduction would be more effective in reducing pressure on the
need for technological decarbonisation. The results also demonstrate the
importance of the rate of grid electricity decarbonisation in the UK for
the viability of different steel production routes.

The analysis has provided a novel series of steel decarbonisation
scenarios for the UK industry, contributing to the broader debate in the
literature by situating the results in the context of national and global
climate policy in the form of carbon budgets.

There a few key dependencies of the scenarios which underscore the
illustrative nature of the analysis; namely, the assumption of constant
demand for steel when set in a global context of potentially growing
demand (Allwood et al., 2010). Many other studies adopt projections of
declining demand to 2050, but this means that the scale of change
indicated as necessary in this analysis represents the upper end of action
that would be required.

Our finding that only a high ambition retrofit case, coupled with
material efficiency and grid decarbonisation achieves the least CCS-
reliant CCC sectoral budget, makes a clear case for early action. It sug-
gests that it may be more effective to implement available technologies
alongside material efficiency strategies, rather than ‘wait’ for commer-
cialisation processes which may be delivered too late to address cumu-
lative emissions from the sector. It underlines the need to act quickly in
this hard-to-abate sector if future emissions are to be effectively
managed.

It has been shown that there are many complex challenges facing the
UK iron and steel sector, in maintaining production levels in a
competitive international market, whilst also decarbonising to reduce
regulatory costs. But it is also possible that action to reduce emissions
would contribute to both ends, by creating greater compliance with
carbon policies and filling what could become a high demand market
niche for low-carbon steel given recent policy developments in the EU.
Difficulties exist in reducing emissions when the precedent for re-
ductions in the sector has been driven by recession and plant closure.
Well-designed policy could lead to reductions in both emissions and
regulatory costs, rather than adding to the regulatory burden which has
contributed to economic instability in the sector to date. There is also
scope to explore the role of sectoral carbon budgets in planning decar-
bonisation across industry in line with net zero. Policy must capitalise on
the opportunity for early action in shaping a sustainable UK steel sector.
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