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ABSTRACT ARTICLE HISTORY

In the attempt to reduce greenhouse gas emissions from steel production, several large Received 23 March 2020
industry decarbonization projects have emerged in Europe. The commercialization of Accepted 24 July 2020
low-emission steel technology, however, faces systemic barriers such as a lack of

infrastructure and unclear demand for greener steel. As part of its new commitment to Climate policy:
climate-neutrality, the European Commission has announced plans to more actively decarbonizatio’n; energy-
create and reshape markets for green basic materials. The approach is inspired by the intensive industry; steel; EU
recent success story of renewable energy, where market interventionist policy has policy

successfully led to cost reductions and supported the diffusion of wind and

photovoltaics. However, the applicability of this type of policy to decarbonize basic

materials has so far not been investigated. In this study, we evaluate the effectiveness,

feasibility, efficiency and fairness of early commercialization policy support for the

decarbonization transition of steel. We compare two approaches: demand side market

creation and direct production subsidies through carbon contracts for difference. We

find that the subsidy approach can more effectively enable the realization of primary

green steel production. A complementary use of market creation policy instruments

can reduce the production subsidy volumes needed and aid the global diffusion of

new production methods. Although effective, we find that production subsidies will

distribute the costs and benefits of the transition unequally. In order to improve

effectiveness and fairness of the policy, parallel programmes such as electricity price

guarantees and transitional assistance policies for disadvantaged regions are needed.

KEYWORDS

Key policy insights

e Carbon contracts for difference are the most promising policy instrument to
commercialize low-emission primary steel but are likely to lead to unequal
distribution of transition costs.

e Market creation policies can support the global diffusion of low-emission primary
steelmaking.

e Material efficiency and demand reduction can reduce the need for primary steel
production by more than 50%.

o Regions without access to large amounts of renewable electricity are especially
disadvantaged.

o Unclear EU ETS benchmarks currently create a perverse incentive that keeps firms from
investing in breakthrough technologies.

1. Introduction

In order to limit global warming to well below 2°C, net anthropogenic greenhouse gas (GHG) emissions must
reach zero between 2050 and 2070 and become negative thereafter (IPCC, 2018). Steel production is a major
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emitter of CO,, both globally (7% of energy-related CO, emissions in 2017) and within the EU (4% in 2017), and
the process of primary ironmaking (from which steel is derived) is responsible for over 80% of those emissions
(EEA, 2018; IEA, 2017). The industry has responded to climate policy with efficiency improvements (Eurofer,
2013), but the potential for further emission reductions through efficiency is limited, and a more rigorous
approach is therefore needed to meet climate targets. Deep decarbonization of steel production requires sys-
temic change of the steel production process and the energy system it is embedded in. The technologies
required are not yet commercially available, and are currently under development in a series of mostly European
innovation projects. However, since 2016, several incumbent firms have announced the building of demon-
stration plants, and some have communicated plans to sell ‘green’ steel within the next decade.

As the decarbonization of European steel production enters the early-commercialization phase, ideas for comp-
lementary and more interventionist forms of policy support have surfaced. So far, the EU emissions trading system
(EU ETS) has not sufficiently supported the transformation of energy-intensive industries. Climate targets and R&D
support at the national and EU levels have elicited a series of company roadmaps and pilot plants to reduce steel’s
climate impact. The EU Innovation Fund builds on this by planning to support the scale-up of novel technologies
to demonstration stage. However, despite the large R&D support, significant risks regarding the business case for
green' steel production remain. In other words, low-emission steel production is not cost-competitive, neither
within Europe nor with non-European producers, and needs public support to come into being (Kushnir et al.,
2020). Consequently, both energy-intensive industries and the European Commission have begun to call for a
policy approach that actively creates and reshapes markets to support strategic value chains such as steel. In
its Industrial Strategy the Commission sets a target for a climate-neutral industry by 2050 (EC, 2020), while the
European Green Deal announces the Commission’s goal of commercializing zero-carbon steel production by
2030 (EC, 2019). The EU’s High-Level Group on Energy-Intensive Industries has also made market creation for
climate-neutral products one of its core recommendations (HLG-EIl, 2019).

The more active role of policy in the transition to create and reshape markets is inspired by its success in
renewable energy, where policy instruments such as feed-in tariffs, renewable portfolio standards and contracts
for difference have reduced costs and supported the deployment of wind and solar power (Quitzow et al., 2014).
However, the production of basic materials follows different logics with respect to markets, trade, scale and
value chains, which makes the translation of policy from renewables to energy-intensive industry far from
trivial. Despite recent calls for exclusive markets for green basic materials by the Commission (EC, 2019,
2020) and industry (Eurofer, 2019b; HLG-EIl, 2019), this is the first study that evaluates this approach in detail.
Previous research papers have focussed on the concept of contracts for difference (Richstein, 2017; Sartor &
Bataille, 2019), or provided overviews across multiple industries (Elkerbout & Egenhofer, 2018; Neuhoff et al.,
2019; Wyns et al,, 2019), and across all phases of the innovation process (Neuhoff et al, 2014). This paper
aims to contribute to this body of research by focussing on one specific phase of the innovation process —
early commercialization — and on a single sector, acknowledging the complexity of markets for steel. To do
so, we first identify and then evaluate policy approaches to reduce the risk for investments into low-emission
primary steel production. Thereby we aim to show how policy makers can enable and guide the commercializa-
tion of green steel production in the EU. This provides a more granular picture of the implications of different
approaches and offers some guidance regarding the design and implementation of effective and just measures.

This article proceeds as follows: First, we outline issues relating to the transformation of the EU steel industry
and the types of policy support needed to realize it. In section 3 we describe our analytical framework and
suggest a typology of policy instruments for the early-commercialization phase. Section 4 presents the evalu-
ation of policy approaches articulated with respect to our framework. We end with a discussion of the main pol-
itical choices and trade-offs in section 5 and conclude thereafter.

2. The EU steel transition

The principal source of GHG emissions in the steel sector is ironmaking in blast furnaces. The production of steel
from iron ore is typically referred to as the primary route, whereas steel recycling is called the secondary route.
Even under the most ambitious circular economy scenarios some primary steel production will be required in
the future. Figure 1 illustrates a schematic path to a carbon-neutral steel industry in Europe by pursuing two
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Figure 1. Historic data and outlook for EU steel production. Climate neutrality in 2050 means total emissions (left axis) and emission intensities
(right axis) must approach zero. Material efficiency improvements and overall steel demand reduction can lower the amount of needed primary
steel production significantly (see primary route — min.). 2050 data from Fleiter et al. (2019), Material Economics (2018); van Ruijven et al. (2016);
historic emissions from EEA (2018), steel production data from World Steel Association (2009, 2019).

distinct strategies: material efficiency and development of zero-emission primary production technologies. A
broad literature has formed around the benefits of increasing the material efficiency of steel production and
use (Allwood & Cullen, 2012; Allwood et al., 2017; Hertwich et al., 2019; Kallis, 2017; Material Economics,
2018; Milford et al., 2013; Séderholm & Tilton, 2012). However, these issues have largely not made it onto the
political agenda (Cooper-Searle et al., 2018). The extent to which the share of secondary production can be
increased is limited by several factors, such as the availability of scrap and the maintenance of scrap quality
(Pauliuk, Milford, et al., 2013; Xylia et al., 2018), as well as the ability to produce high quality steels in the sec-
ondary route. The availability of scrap depends on the interaction of several parameters, including steel
product lifetimes, historical growth rates and recovery rates (Pauliuk, Wang, et al., 2013). In theory, many
different qualities of steel can be produced from scrap, if scrap of controlled quality is available. In practise,
access is limited, and scrap stock quality is deteriorating due to copper accumulation (Daehn et al,, 2017).

A review of scenario models identifies a maximum possible share of secondary steel production in Europe at
85% of total production by 2050 (Material Economics, 2018). Achieving such a high share of recycling without
offshoring emissions would require ‘that nearly all available scrap is utilized, high-quality steel production from
scrap is feasible, and copper contamination is resolved’ (ibid..72). In such a stylized scenario, only 22 Mt of
primary steel instead of 57 Mt would need to be produced by 2050. Assuming an average blast furnace capacity
of 1.5 Mt, the number of operating blast furnaces that need to be converted into clean primary production pro-
cesses would decline from today’s 65 down to 38, or as low as 15 if secondary production is maximized. Since
2016, several steelmakers have announced plans to abandon their blast furnaces and switch to hydrogen-based
processes.” These commitments currently add up to a capacity of 30 Mt green steel production — more than
needed if full material efficiency and demand reduction potentials are exhausted.

2.1. Past and present climate governance of the EU steel industry

GHG emissions from the steel sector are mainly regulated through the EU Emissions Trading System (EU ETS),
which sets the pace for emission reductions up to 2050. Trade-exposed sectors such as steel have been receiving
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free allocation of emission allowances to prevent carbon leakage. Steel firms have in the past downplayed their
ability to pass through costs to their customers and successfully lobbied the EU for complete free allocation
(Okereke & McDaniels, 2012). Although the support volumes are based on a benchmark that reflects the
most emission-efficient installations, the industry has been receiving more free allowances than necessary to
cover its GHG emissions since the start of the EU ETS (Carbon Market Watch, 2016; Richards et al., 2018;
Sandbag, 2018).

Up until 2010, EU climate policy for energy-intensive industries was mostly concerned with efficiency
improvements and marginal emission reductions, conserving industrial structure rather than encouraging the
systemic change needed for zero emission (Ahman & Nilsson, 2015). After 2010, the focus shifted to advancing
technology and innovation as a means of enabling deep decarbonization. Innovation programmes so far stretch
from laboratory-scale (e.g. in Horizon 2020 and Horizon Europe) up to demonstration plant funding (e.g. NER300
and the Innovation Fund). Correspondingly, industry has started to develop visions and innovative ideas to
reduce emissions to essentially zero by mid-century (Eurofer, 2019b; HLG-EIl, 2019; Jernkontoret, 2018).

Recent studies have estimated the production cost increase of these novel production methods to 68-80 EUR
per tonne CO, (Mandova et al.,, 2019; Vogl et al., 2018). Although uncertainty is high and cost-competitiveness is
not static (see section 2.2), the EU ETS in its current form does not provide sufficiently high prices, and its vola-
tility makes investments into capital-intensive projects risky. In addition, as technologies are not yet commercial
and associated infrastructure is not in place, first movers face high technological risk and large investments.
Thus, while the EU ETS plays an important role in driving the adoption of best available technology, it is not
sufficient to remove the risks for first-of-a-kind investments into low-emission primary production technologies.

2.2. Policy for the early-commercialization stage

The EU has the opportunity and responsibility to lead innovation efforts for low-emission alternatives in primary
steel production. A transition to green steel requires a systemic change of core elements of the production
process. To fully decarbonize primary steel production, GHG emissions must either be fully avoided through
electrification, or they must be captured and stored, while at least some of the fossil fuel energy input must
be substituted with sustainable bioenergy, as carbon capture and storage (CCS) does not capture all emissions
(Mandova et al., 2019). Both pathways increase the electricity demand of primary steel production. The pro-
duction costs of novel processes are dependent on the energy systems and the new value chains they are
embedded in. Depending on the technological path chosen, important factors include access to and costs of
renewable electricity, green hydrogen, access to good quality metallurgical coal and biofuels, and the carbon
price. Consequently, uncertainty about the economic viability of new technologies is high, with some studies
concluding near cost-competitiveness, while others argue that the price for low-quality steel grades could
almost double (Holling & Gellert, 2018).

The cost-competitiveness of new technologies should not be understood as static but depends on the co-
evolution of technological systems and the institutions that support and shape them (Unruh, 2002). Innovations
such as producing green steel face a range of systemic disadvantages that are caused by lock-in, such as missing
infrastructure, institutions specialized in the current system and risk-averse incumbents and finance (Unruh,
2000). Removing these barriers is a matter of industrial policy and affects the economic viability of current
and future production methods. A policy strategy that aims to minimize the costs of deploying low-emission
steelmaking will therefore pursue three distinct objectives: (1) Increase the share of secondary production
while reducing overall steel demand; (2) improve conditions that enable low-emission steel, for example by nur-
turing demand, and by providing grid infrastructure and hydrogen supply; and (3) once new technologies seem
viable, break the lock-in of the current production system, based on blast furnaces and coke, and thereby
remove systemic barriers for new technologies.

A transition from one production system to another requires various sequential and overlapping policy
approaches (Bataille, 2019). Initially, the up-scaling and commercial deployment of a new technology faces a
series of risks that motivate public support. During the early stages of innovation, the technical feasibility of
novel unit processes and new production systems is in focus. The closer the technology moves towards com-
mercialization, the more financial risks come to the fore. These encompass both internal factors, such as a
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company's access to finance, and external ones, such as a customer’s willingness to pay for a green premium or
the risk of high future electricity prices. A first-of-a-kind industrial plant might initially face significantly higher
production costs compared to established technologies. However, over time, this disadvantage wanes as learn-
ing and process improvements on the producer side, and reduced uncertainties and network effects on the user
side, improve the performance of the novel production process (Sandén & Azar, 2005). Further risks that con-
dition the viability of new versus old production systems are political, such as future climate policy and expec-
tations concerning its level of ambition and continuity, as well as social, such as public reactions to the unequal
distribution of transitional costs.

It is generally agreed upon in innovation studies that successful innovation policy needs both pushes and
pulls, although demand-pull policy has been of varying importance to different innovations in different indus-
trial sectors (Ahman, 2006; Mowery & Rosenberg, 1979; Nemet, 2009). In this study we evaluate policy options
that push and pull a technological innovation (low-emission steel production) into an early commercial market.
These policies aim to create a protective space, in which the innovation can become commercially feasible by
being shielded, nurtured and empowered (Smith & Raven, 2012). Niches provide an opportunity for further tech-
nological improvement and can lead to cost reductions through increased experience and adoption (Sandén &
Azar, 2005). Over time, niche markets in a country might evolve into lead markets (Beise, 2005).

Although this type of early commercialization policy is new for green basic materials it has worked in other
sectors. For renewable energy, successful market creation policy instruments such as feed-in premiums, renew-
able portfolio standards and contracts for difference have provided stable conditions for investments into solar
cells and wind turbines (Nemet, 2009; Wilson & Grubler, 2011). Learning effects across the value chain played a
big part in the decrease of the levelised cost of wind power (—38% onshore, —29% offshore) and solar PV (—82%)
since 2010 (IRENA, 2020). The extent to which learning can be expected for new steel production processes is
not yet known, but learning rates are typically higher for modular small-scale technologies compared to large
processes (Neij, 2008).

3. Methodology

Our analysis is based on an ex ante evaluation of policy approaches for the commercialization of low-emission
steel production. We define the policy goal as realizing the first commercial-scale production of green® steel in
Europe. With regards to this goal, we evaluate two principal policy options against effectiveness, feasibility,
efficiency, and fairness.

Effectiveness denotes the degree to which the policy goal is met and is sometimes referred to as goal attain-
ment (Huitema et al,, 2011; Vedung, 1997). In our study, an effective policy must reduce the competitiveness gap
between current and clean technologies while not causing carbon leakage. It should reduce risks for invest-
ments and not add any other significant risks. It also must not pose any barriers to reaching zero emissions
in the sector in the long run.

The legal and institutional feasibility of a policy refers to how a policy instrument can effectively work and
can be implemented in a specific institutional and political context. Here, legal feasibility concerns the legality of
a policy in the EU and all its member states, if relevant. For a policy to be institutionally feasible it must fit with
the current policy framework, such as the EU ETS which we assume to be long-lasting. We do not consider pol-
itical feasibility, that is, finding political majorities for a policy.

Efficiency is not used uniformly in the evaluation literature, with some distinguishing between cost-effective-
ness and efficiency (Huitema et al., 2011) or between cost-benefit and cost-effectiveness (Mickwitz, 2003;
Vedung, 1997). In our study, we evaluate efficiency according to whether the policy encourages actors to
meet the target with as low cost as possible (cost-effectiveness), avoiding overcompensation and excessive
administration efforts.

The fairness of a policy, sometimes called equity (Arvizu et al., 2011; Mickwitz, 2003), considers how the costs
and benefits of that policy are distributed in society. It should avoid or compensate for detrimental side effects
as far as possible. Fairness issues can be found at different levels: between member states, between regions,
between companies and between private and public actors.
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We categorize policy instruments according to point of intervention, the regulated variable and whether it
works as a stick or carrot. The point of intervention describes which part of the value chain is regulated. We con-
sider interventions that support the supply (production) of finished steel or that increase or secure a volume of
demand at the point of delivery to the manufacturer of end consumer products (e.g. white goods, cars, build-
ings). Supply-side measures thus support the production of green steel, while demand-side measures support its
market uptake. For regulations we further distinguish between regulating prices and quantities (Hepburn, 2006).
Either can act as carrots, incentivising greener production or consumption, or as sticks, discouraging more pol-
luting production or consumption. The full typology including a non-exhaustive list of policy instruments is
shown in Table 1.

The policy approaches under study were identified based on a review of recent literature® on steel decarboni-
zation policies, which is mainly grey literature originating from climate advocacy organizations (e.g. European
Climate Foundation), industrial associations (e.g. Eurofer), research institutes and the European Commission.
The review focussed on instruments that aim at the creation or stimulation of demand for low- or zero- emission
steel as their primary objective. Some polices related to steel decarbonization are thus beyond the scope of this
study. For example, the material consumption charge laid out by Pollitt et al. (2019) does incentivise reduced
material use and recycling, but does not specifically target low-emission primary steelmaking as it would take
the form of a uniform charge on steel based on a benchmark, not differentiating on the basis of an actual
carbon footprint. Emission standards for production were excluded on the same grounds of not sufficiently target-
ing low-emission primary steelmaking. Further, we exclude demand-side pricing policies due to the administrative
effort involved. Different products contain different amounts and qualities of steel, which makes the setup of
schemes such as tax credits or buyers’ premiums highly complex. Finally, border carbon adjustments have
been discussed at length by others® and will be referred to here only to provide context.

4, Policy evaluation

We distinguish two main approaches to early-commercialization policy: supply-side production subsidies and
demand-side market creation. For each approach we first provide a description of policy instruments, followed
by an evaluation presented according to the four variables of the analytical framework.

4.1. Carbon contracts for difference

A carbon contract for difference (CCfD) is a subsidy agreement between the regulator and a steel producer
aiming to realize a decarbonization project. The volume of the annual subsidy payment is determined by the

Table 1. Typology of policy instruments for the early-commercialization phase of green steel production. The two main approaches are supply-
side pricing and demand-side market creation. Instruments in italic text are not evaluated in this study.

Type Point of intervention Regulated variable Carrot or stick? Policy instrument (examples)
Regulation Supply-side price subsidies carbon contract for difference (CCfD)
taxes -
quantity quota -
restrictions emission standards for production
Demand-side price subsidies tax credits
buyers’ premium
taxes material/ consumption tax
quantity quota green steel quota
regulated public procurement
restrictions emission standard
regulated public procurement
Information tracing of carbon footprints
tradable certificates
labelling
Voluntary measures public procurement

voluntary certificate trade
voluntary emission standards
voluntary labelling
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difference between the carbon price and a negotiated or tendered strike price and by the emissions reductions
achieved by the proposed project. The strike price represents the carbon price that the project requires to
become economically viable. By guaranteeing a constant carbon price for 20-30 years, a CCfD aims to
reduce the carbon price risk for the steel producer (Elkerbout & Egenhofer, 2018; Helm & Hepburn, 2005).
This elevation of the carbon price allows the commercial operation of technologies that require higher
carbon prices than found on the current market. If the carbon market price exceeds the strike price, the relation-
ship is inversed and the difference is paid back.? If, for example, a firm were to compare two investments - the
refurbishment of its blast furnace versus the construction of a hydrogen-based process — and it could realize the
latter with a carbon price of 70 EUR per tonne CO,, this would be the strike price needed. The firm would then
receive the difference between the strike price and the average annual carbon price in the EU ETS for each tonne
of CO, that is not emitted as the result of the lower-carbon investment option.

Effectiveness: Production subsidies through CCfDs can be an effective way to commercialize low-emission
primary steel production if designed right. The effectiveness of the approach depends on the volume of mon-
etary support offered by the regulator, which in turn determines how many projects can be realized. Sartor and
Bataille (2019) have argued that only first-of-a-kind projects should be subsidized. However, this would create
only a small market for green steel and thus allow for only limited technology learning. On the other hand, com-
petitive tendering requires that only some producers benefit from the scheme. Irrespective of the support
volume, eligibility criteria must avoid carbon lock-in in the medium term. Even if a supported project can
reduce the emission intensity of steel production by half, eventually it must become carbon neutral by 2050.
Such a climate neutrality ‘stress test’ could take the shape of the regulator requiring a production-site-based
roadmap to zero emissions in the application process. Furthermore, a CCfD can reduce the financing cost for
a project, as the stable cashflow increases a project’s access to debt (Neuhoff et al., 2019). However, CCfDs
alone might not suffice to reduce the investment risks for low-emission primary steel production. Especially
for producers moving into electrification, future electricity prices become a key determinant of production
costs. A stable carbon price through a CCfD might thus not be enough to guarantee a business case. In this
instance, government-backed electricity price guarantees can be a complementary policy to CCfD. Most EU
energy-intensive industries already benefit from exemptions from taxes and renewable levies when procuring
electricity (Ahman & Nilsson, 2015).

The feasibility of CCfDs depends on the evolution of existing policies such as the EU ETS, State Aid rules, and on
how they can be funded. As an extension of the EU ETS, CCfDs are co-dependent with its development, especially
the fate of free allocation and the respective benchmark levels. If benchmarks are lowered, and the amount of
allowances freely allocated across the sector is reduced according to the principle of competition-neutrality, the
beneficiary might effectively receive less support than expected. CCfD support levels can be determined
through negotiations, strike price offers by the regulator or tendering, which could be implemented either on
EU or member state level. Some authors have suggested that government-determined strike prices could
come into conflict with current EU State Aid rules (Richstein, 2017; Sartor & Bataille, 2019). At the EU level,
funding can either be based within or outside the EU budget, for example through ‘explor[ing] whether part of
the funding being liquidated under the European Coal and Steel Community can be used’ (EC, 2019, pp. 8-9),
through more auctioning of emission allowances or through consumption taxes (cf. Pollitt et al., 2019).

CCfDs are feasible irrespective of whether leakage protection under the EU ETS happens through free allocation
or through border carbon adjustments (BCA), which we illustrate in Figure 2. BCA are tariffs on imported goods,
such as steel, according to its carbon content and thereby seek to even out the costs that the EU ETS imposes on
European producers. In theory, BCA are an alternative to free allocation of emission allowances; a simultaneous use
of both schemes, as requested by some (Eurofer, 2020), would overcompensate European producers. However,
steel exported from the EU would be disadvantaged if BCA do not contain a reverse adjustment at the border
in return, for example in the form of an export credit. At the same time, EU premium markets disadvantage
non-EU producers of green steel that do not receive support under an equal domestic CCfD scheme.

Efficiency is highest when CCfDs are awarded through tenders. Determining the strike price levels through
tenders reduces information asymmetry for governments and thus increases cost-efficiency. Competitive
tenders are more likely to work at the EU level than at the national level, as many EU member states are
only home to one or a small number of primary steelmakers that could take part in such tenders. However,
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national tenders could include several sectors to reach the necessary scale. CCfDs can build on the EU ETS and its
monitoring, reporting and verification system which lowers the administrative effort needed (Richstein, 2017).
Finally, there is a risk of overcompensation if the ability to pass-through costs increases while strike price levels
remain the same. This is especially relevant once the bulk of the steel industry moves towards cleaner pro-
duction methods and the end consumer demand for green steel grows, which would increase the producer’s
ability to pass-through costs.

Fairness: CCfDs will likely distribute costs unequally. The tendering of CCfD would benefit powerful EU
members with low electricity prices or good access to renewable energy, biomass or carbon storage opportunities
at scale, while regions without these conditions would be disadvantaged. A tender will necessarily yield some
primary producers that do not win support. These producers and the regions and communities they are situated
in might require additional policy support in the transition. Furthermore, the length of contract periods faces a
trade-off between reducing the uncertainty associated with political decisions that can discourage technology
investment (Richstein, 2017), and burdening future administrations and generations with subsidy obligations.

4.2. Demand-side market creation

Creating markets for green steel through regulatory or voluntary measures relies on information about the
embodied emissions of steel products or goods containing steel. We distinguish between two ways to create

free allocation

conventional steel green steel

EU non-EU producer EU, CCfD non-EU producer

border tax adjustments

conventional steel green steel

EU non-EU producer EU, CCfD non-EU producer

Figure 2. Schematic illustration of steel production costs for EU producers under CCfD support versus non-EU producers. Left side: production of
conventional steel. Right side: production of green steel. Top: current EU ETS setup with free allocation. Bottom: EU ETS with border carbon
adjustment. Equal production costs for EU and non-EU producers were assumed.
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and share this information: tradable certificates and carbon footprint tracing. In the first case, producers of green
steel can issue certificates that can be purchased by users on a certificate market, akin to tradable renewable
certificates (IRENA, IEA & REN21, 2018). Depending on supply and demand, certificate prices vary. While users
willing to buy green steel can procure steel from any producer, the purchase of certificates ensures that the
green premium goes to the producer of green primary steel. The second case of tracing of carbon footprints
requires data collection at each stage in the value chain, including information about the import of raw
materials, and semi-finished and finished steel products into the EU. This information must be continually
updated, verified and made available to all potential users.

Once a system for collection and sharing of information is in place, it can be used for regulatory policies and
voluntary actions by actors wanting to use green steel. Regulatory approaches either obligate the use of steel
with low embodied emissions in certain goods, which we call quota schemes, or restrict or forbid the use of steel
with a high footprint. A legal scheme regulating quantities typically consists of three parts: (1) Setting a quantity,
(2) allocating certificates, and (3) enacting a compliance mechanism (Hepburn, 2006). Both approaches can use
either certificates or traced data.

Green public procurement (GPP) follows the same logic. Reliable information about the embodied emissions
is needed in order to procure climate-friendlier materials. GPP can then be practiced on a voluntary basis or
combined with quotas or restrictions. Practical examples of GPP already exist; for example, the Swedish Trans-
port Administration set upper limits for allowed material climate impacts (Toller & Larsson, 2017). Another policy
instrument depending on a system for tracing carbon footprints is labelling, which aims at making externalities
visible to the consumer. Several industry labels exist today that communicate environmental and climate per-
formance, such as industry-led initiatives like ResponsibleSteel and SustSteel (Eurofer), and the European Union
Product Environmental Footprint Category Rules (PEFCR).

Effectiveness: Neither certificate-based nor tracing-based market creation policy is likely to be very effective
with respect to the policy goal of supporting low-emission primary steel production. Policies based on certifi-
cates add an additional certificate price risk for investors, besides already existing risks such as raw material
market prices and the variation in the carbon price (Mitchell et al.,, 2006). Regulation based on footprinting
and tracing suffers from limited knowledge’ regarding which goods mainly or only use primary steel; a
quota for such goods would successfully impact primary steel production. If a quota were imposed on a
sector at random, it is likely that producers will seek to use secondary steel instead of primary due to the
lower carbon footprint of the secondary route. Public procurement is a case in point. In total, 14% of the EU
GDP is spent through public procurement (European Commission, 2017), using approximately 14% of steel
(based on UK numbers: UK BEIS, 2019). Sectors in which public procurement dominates are defence and the
construction and maintenance of infrastructure such as highways and railroads, energy or water (Marron,
2004). Most of these sectors mainly use long products, especially rebar, rail and steel sections, which are typically
already produced through the secondary route (Sekiguchi, 2017). Thus, public procurement of green steel is
unlikely to have a large impact in terms of support for low-emission primary steelmaking.

The effectiveness of quotas and restrictions depends on how well steel is specifically targeted by the regu-
lation. Although the most effective choice to support markets for green steel would be to directly regulate the
steel used in goods, this would likely lead to material substitution and large administrative efforts, e.g. if separate
policies are needed for all the materials of a car. In contrast, horizontal policies such as performance-based stan-
dards that set upper limits for emission per kilometre travelled, despite being more cost-efficient, have only little
impact on primary steel production, as other emission reductions might be easier or cheaper to achieve than
using green steel.

Analogous to price regulation as discussed above, eligibility criteria determining which producers receive cer-
tificates or are endorsed with labels can lead to medium-term carbon lock-in (see also section 4.1). Finally, quan-
tity regulation should be planned well ahead in order to create an expectation of stable demand and thereby
investor certainty.

Feasibility: Although in principle feasible within the existing EU policy framework, in order to comply with
World Trade Organisation rules, certificate markets might have to be extended to non-EU countries. Tracing of
embodied emissions can build on existing EU programmes such as the PEFCR (see above) or the Ecodesign
Directive (EU, 2009). Furthermore, the steel industry has so far not shown much agreement on methodology
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for life-cycle assessment (LCA). Different LCA guidelines have been suggested to determine the carbon footprint
of primary and secondary steel, but ultimately the definition of ‘green steel’ and which methods and system
boundaries to use, is a political decision (Vogl & Ahman, 2019).

Efficiency: Regulating quantities entails large administrative efforts. Certificate-based quantity regulation
rests on the creation of a certificate market that needs monitoring, reporting and verification, as well as sanc-
tions for non-compliance. Setting up a carbon footprint tracing system requires capacity for continuous data
collection, handling and verification within and outside the EU. The cost-efficiency of market creation can be
quite low if the policy leads to significant spill-overs outside of the jurisdiction. This is the case if domestic
markets are to a large extent supplied by goods not produced domestically. On the upside, these spill-overs
stimulate the development of a cleaner steel industry even outside Europe, which is in line with the EU’s respon-
sibility to lead the transition under the United Nations Framework Convention on Climate Change (UNFCCC).

The main advantage of a certificate-based over a tracing system is the built-in trading scheme, which adds
flexibility for producers and consumers. This is especially important in complex markets when certain goods that
meet the requirements of the quota might not be available from a certified producer. Through obtaining cer-
tificates, the real carbon footprint of a product does not matter for the end consumer.

Market creation policy can be phased in on a voluntary basis and later evolve into regulation. Certificates can
start as voluntary certificate trade between producers and users willing to buy ‘greener’ steel. Building codes can
be a first step to mandatory emission standards in construction. Labelling can be used as a supplementary policy
to stricter regulation, for example as a first step in regulating a previously untouched sector by serving as a base
upon which further regulation can be built upon (Somanathan et al., 2014). Once labels are in place, ratcheting
up regulation becomes easier through several mechanisms. Firstly, introducing labelling sheds light on pre-
viously invisible problems, which might induce innovation or increase consumer demand for the endorsed
product. Secondly, a data collection, monitoring and verification scheme needs to be put in place for the
implementation of labels which further regulation can draw on. Labels face the same limitations regarding
LCA-based tracing of carbon footprints discussed above.

Fairness: Imposing quotas or standards increases the costs of steel for the end consumer. This can lead to
resistance by sectors or businesses obliged to purchase green steel. Although the share of steel in the cost struc-
ture of final products is typically below 1% (Rootzén & Johnsson, 2016), significant cost increases can be
expected for construction, where steel can become a significant cost factor that is passed through to end con-
sumers (Andersson, 2020).

5. Discussion

Here we discuss the main political choices and side effects of early-commercialization policy for low-emission
primary steelmaking in Europe. We have identified and analyzed two principal approaches: (1) production sub-
sidies through CCfDs; and (2) demand-side market creation for green steel.

CCfDs (1) are an effective instrument to realize the first industrial-scale production of low-emission steel pro-
duction. However, as many of the discussed technologies are highly sensitive to electricity costs, changes in
electricity price are a high risk even for producers under CCfD support, which could be mitigated through
long-term electricity price guarantees. The creation of markets (2) for green steel is not as effective in promoting
clean primary steelmaking. Market creation instruments either add additional risks, as is the case with quota
schemes based on tradable certificates, or do not fully deliver the benefit to the intended producers due to
the complexity of steel markets. However, market creation policy can still be warranted by other policy goals
such as creating international demand for green basic materials and thereby incentivising climate action in
other countries. The global spill-overs that market formation necessarily causes could trigger investments
into low-emission steel production outside the EU. Making information available and fostering premium
markets early can increase the willingness to pay for green steel. While this would reduce the strike price
levels needed for CCfDs, it can also lead to overcompensation.

CCfDs for the steel industry have several fairness implications. If CCfDs operate under the current practice of
free allocation in the EU ETS, there is a risk of exacerbating the already existing problem of overcompensation
due to cost pass-through. Furthermore, the main drawback of production subsidies is the distribution of
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transitional costs. Inter-firm competition in tenders implies that only some projects can be supported. Consider-
ing the increasing electricity demand of novel steel production technologies, these will likely be located in
regions with good access to large amounts of cheap electricity. At the same time, the EU seeks to make its
economy more circular, which necessitates increased recycling and a reduction of total steel demand and pro-
duction. This means that some mills that currently produce primary steel either will have to close or convert their
operations to scrap recycling, thereby retaining their downstream metalworking operations. It is plausible that
regions that are adversely positioned in the competition for CCfD support are the very same as those most
affected by global overcapacity and a move to more secondary steel production. A fair and politically feasible
policy package for the early-commercialization phase of steel should consider providing transitional assistance
to affected regions and workforces (Green & Gambhir, 2019), either in converting their plants to secondary pro-
duction or even for closure.

Workers are a particularly vulnerable group in the steel transition. According to Eurofer (2019a), the European
steel industry directly employs 330,000 people, with more than 2 million jobs indirectly associated with the
sector. The replacement of Europe’s old steel plant stock with state-of-the-art steel mills is likely to increase
the degree of automation and digitalization in steel plants. This could lead to a decrease in labour intensity
in primary production. On the other hand, a more circular steel industry could see additional jobs in recycling,
remanufacturing and reuse. In this case, retraining programmes for the current workforce could cushion the
impact. Further, if prices for basic materials increase, sectors like construction may respond by increasing
prices and reducing wages (Andersson, 2020).

In the European Commission’s own words, ‘[ilt takes 25 years — a generation — to transform an industrial
sector and all the value chains. To be ready in 2050, decisions and actions need to be taken in the next five
years’ (EC, 2019, p. 7). Based on previous estimations, a full switch to alternative production methods will
increase production costs by 1.7-4.5 bn EUR depending on the size of primary steelmaking in Europe.® Material
efficiency and demand reduction measures can significantly reduce the overall transition costs (Hernandez et al.,
2018). Climate targets will only be met if the supported projects are able to move to deep decarbonization in the
medium term. Carbon lock-in is a risk that cuts across all mentioned policy strategies and is even relevant for
R&D policy such as the Innovation Fund. This implies that firms must be able to demonstrate that their projects
can meet long-term climate goals. Such a climate stress test should build on the latest knowledge of techno-
logical options and should be continually updated.

Irrespective of the chosen policy approach, the perceived transition risk at firm-level strongly depends on the
fate of the EU ETS. A major obstacle to the transition is uncertainty about free allocation levels if producers move
away from the blast furnace and thus might be subject to another benchmark. If a company fears losing its free
allocation by moving to a low-emission production process, then not only the incentive that carbon pricing should
create is non-existent, but a perverse incentive is created that keeps firms from investing into breakthrough tech-
nologies. Urgent clarification and a commitment by the Commission on the allocation levels for breakthrough
technologies is needed. Furthermore, technology-specific benchmarks pick winners if allocation levels are
different for the same emissions reduction volumes. This would be the case if, for example, a steelmaker can
choose to achieve a 50% emissions reduction target by retrofitting CCS or through a new process (e.g. hydrogen
enriched direct reduction) but would receive different amounts of free allowances for these projects.

The policies discussed here constitute one part of a policy mix to decarbonize the steel industry. Besides
innovation support, once viable technological alternatives to current fossil fuel-based production systems are
feasible, a dedicated phase-out policy (e.g. retirement programme, bans, sunset clauses) must ensure that
low-carbon alternatives do not co-exist alongside their fossil fuel precursors. Finally, not all European steel
sites might win out in a low-carbon transition. In particular, areas without access to plentiful renewable
energy or renewable hydrogen might lose out in the process. The Just Transition Fund could assist these
regions and local populations.

6. Conclusion

The European Commission has committed to a transformation of industry in line with climate neutrality. Inspired
by the success of wind and solar energy policy, a more interventionist policy style using subsidies and market
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creation has been promoted by energy-intensive industries and European policy makers. In order to fully dec-
arbonize the steel sector by 2050, the first industrial-scale steel mills producing green steel should be commer-
cialized within the next decade. Due to various risks and likely increases in production costs, this requires policy
interventions.

We compare two principal policy approaches to support commercialization: production subsidies through
CCfDs and demand side market creation. CCfDs can effectively enable the commercialization of breakthrough
technologies, while market creation can reduce the subsidy volumes needed and aid the global diffusion of new
production methods. Subsidies through CCfDs are feasible and most efficient if awarded in competitive tenders.
However, as electricity demand is set to increase in the steel sector, long-term electricity price arrangements
should be considered to complement CCfDs. At the same time, production subsidies will lead to an unequal
distribution of transition costs and benefits. Regions and member states with little access to large amounts
of inexpensive renewable energy are likely to be disadvantaged in the transition.

Early-commercialization policies are one part of a policy mix to decarbonize the steel industry. Continued
supply push efforts, such as innovation support or investment grants, are needed. Once viable technological
alternatives to current fossil fuel-based production systems are feasible, a dedicated phase-out policy must
ensure high emitters do not continue to operate alongside the low-carbon alternatives. Finally, to ensure a
just transition, assistance will be required for disadvantaged regions and their communities.

Notes

1. For the remainder of this article we will use the terms low-emission and green to refer to novel steel production methods with
very low or no CO, emissions.

2. Steelmakers with hydrogen plans and/or net-zero goals in the EU: SSAB, Voestalpine, Salzgitter, ThyssenKrupp Steel, Arcelor-
Mittal Hamburg. Other technologies are also being explored, e.g. electrowinning and different carbon capture and storage or
utilisation approaches.

3. The decision of what counts as green is essentially a political one and should be aligned with the Paris Agreement (Vogl &
Ahman, 2019).

4. The main sources of our review were: EC (2019); HLG-Ell (2019); IRENA, IEA and REN21 (2018); Neuhoff et al. (2014); Neuhoff
et al. (2018); Neuhoff et al. (2019); Wyns et al. (2019). Other sources are cited as appropriate in section 4.

5. See literature on BCA, e.g. Ismer and Neuhoff (2007); Monjon and Quirion (2011) and Eckersley (2011).

6. A recent contribution by Sartor and Bataille (2019) deviates from this. In their version, once the carbon price exceeds the strike
price, no or only partial payments occur.

7. Besides simple heuristics, no scientific literature is available that assigns steel products to primary and secondary production
route.

8. Based on production outlooks in section 2 and cost increases of 80 EUR/t steel (Mandova et al,, 2019; Vog| et al.,, 2018).
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