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Abstract: Industrial processes are associated with high amounts of energy consumed and greenhouse
gases emitted, stressing the urgent need for low-carbon sectoral transitions. This research reviews
the energy-intensive iron and steel, cement and chemicals industries of Germany and the United
Kingdom, two major emitting countries with significant activity, yet with different recent orientation.
Our socio-technical analysis, based on the Sectoral Innovation Systems and the Systems Failure
framework, aims to capture existing and potential drivers of or barriers to diffusion of sustainable
industrial technologies and extract implications for policy. Results indicate that actor structures
and inconsistent policies have limited low-carbon innovation. A critical factor for the successful
decarbonisation of German industry lies in overcoming lobbying and resistance to technological
innovation caused by strong networks. By contrast, a key to UK industrial decarbonisation
is to drive innovation and investment in the context of an industry in decline and in light of
Brexit-related uncertainty.
Keywords: United Kingdom; Germany; systems of innovation; sectoral innovation systems; system
failures; industrial transitions

1. Introduction
Being responsible for the production of all goods used in people’s lives, industry lies at the heart of
an economy. Its processes, however, are associated with high amounts of energy used, especially from
fossil fuels, thereby resulting in high GHG emissions. Industry accounts for 30% of worldwide direct
and indirect emissions, while direct and industrial process-related CO2 emissions account for almost
60% of total industrial share [1]. Industry has been a major emitter in Europe, accounting for over
20% of total emissions, including indirect emissions, more than 25% of which are process-related [2].
Among the most energy-intensive sectors with the highest contributions to industrial GHGs are iron
and steel, cement and chemicals. The heterogeneous sector requires critical consideration of industrial
systems in a holistic manner to understand the complex political economy, concerns by different actors
over leakage and the large quantity of free allowances, as well as the desire for strong industrial policies,
especially for technologies with increased attention, like CCS and hydrogen. Industrial decarbonisation
is therefore critical to decarbonising the European economy [3].
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Indicatively, 4–7% (this range seems to reflect the consensus in various sources. Different
installations behave differently regarding CO2 emissions despite using the same technologies (e.g., fuel
quality), making it difficult to calculate a percentage) of global industrial CO2 emissions derive from
the iron and steel industry [4,5], highlighting the importance of alternative production technologies in
the sector. However, large-scale transitions encounter many challenges, since investing in relevant
technological innovations is considered expensive and risky [6], due to possible production failures
potentially damaging companies’ market shares [7]. Having gone through various sociotechnical
shifts that established dominant processes, and considering innovation costs, this industry may feature
technological lock-ins hindering economy-wide energy transitions [8].
Cement production has also been central in economic growth of developed countries [9].
Accounting for almost 15% of global industrial energy demand, cement-related activities are considered
energy-intensive [10]. CO2 emissions are driven by processes associated with raw materials, regardless
of the combusted fuel. These account for approximately 50% of total cement GHG emissions, and 5%
of global CO2 emissions [11]. Significant transformations are therefore required.
The chemical and petrochemical industry is another important contributor to industrial
GHG emissions (7% globally), accounting for 10% of global total final energy consumption.
Encompassing a very diverse range of products, the sector lies in the boundaries between energy- and
non-energy-intensive [12].
This review focuses on the industrial sectors of Germany and the United Kingdom (UK), as two
exemplifying countries that have historically been among the largest European industries with
significant emissions but different development, especially in recent years. Germany’s industry shows
stability, with iron and steel playing an important role in supplying other sectors like the automotive
industry. Compared to Germany, the UK shows a significant shift from these energy-intensive industries
towards services [13,14]. These differences may provide insights into the elements of each system
promoting or hindering decarbonisation.
Innovation, whether technological or organisational [15], usually lies at the core of sociotechnical
change, displaying systemic nature [16]. Systems of Innovation allow a holistic and interdisciplinary
perspective [17] that captures the role of actors, networks, institutions and learning processes in
innovation diffusion [18]. We choose the Sectoral Innovation System (SIS) framework [19], as a basis of
our methodological approach, to examine the multidimensional dynamics [20] of industry, aiming to
identify the role of different actors in driving transition towards carbon lock-out in energy-intensive
industries [21]. Comparison is further elaborated via the system failure framework [22], to investigate
potential barriers to diffusion of low-carbon industrial processes.
Our aim is to review the German and UK industrial systems, focusing mainly on iron and
steel, cement and chemicals, which are the dominant industrial sectors in the activities of the two
countries, from a low-carbon transition perspective, while examining barriers possibly hindering use
and diffusion of sustainable industrial technologies, building on and integrating the SIS and system
failures frameworks. Eventually, these insights can be translated into policy implications for fostering
the industrial transition under the European Green Deal. We find that relaxation of emission regulations
due to concerns about international competitiveness has led to policy and institutional inconsistencies
in both countries, thereby acting as a bottleneck for innovative technologies allowing the regime to
retain currently energy-intensive processes. Accordingly, recent emission cuts in energy-intensive
industries are attributed to shrinking activity and, to a small extent, to carbon intensity cuts, implying
low diffusion of low-carbon technologies in these sectors. We thus argue that deindustrialisation of UK
economy has weakened the regime, providing opportunities for businesses with innovative processes
to grow, given existing interest in green technologies like hydrogen and CCS. This does not apply to
Germany whose strong network of companies threatens to slow down innovation.
Section 2 presents background information about the countries and sectors examined, while
Section 3 outlines the theoretical framework of the study. Sections 4 and 5 provide an overview of
the two SIS. Section 6 assesses the structural failures of the two countries, while Section 7 discusses
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findings and concludes the review. An overview of the technologies currently used in the three sectors
is provided in the Appendix A.
2. Background
Germany is considered a great economic power having the highest GDP in Europe and the 4th
largest GDP globally [23]. Its economy is mainly based on services (62% of GDP), followed by the
industrial sector (27% of GDP) [24]. Germany ranks 6th among 130 countries in the Green Economy
Perception Index 2018, which records performance across leadership and climate change, efficiency,
markets and investment, and environment [25]. The UK also has a strong economy, featuring the
second highest GDP in Europe and the 6th worldwide, relying more on services (71% of GDP) than on
industry (18% of GDP) [24], compared to Germany. In the Green Economy Perception Index 2018, the
UK ranks 11th. The two countries also spend 3% and 1.6% of their GDP respectively in public and
private research and development (R&D) [26]. Germany and the UK are among the world’s top 10
and 20 CO2 emitters, respectively. From 1990 until 2017, industry accounted approximately for 24% of
final energy consumption in Germany and 21% in the UK [27]. Figure 1 provides the two countries’
industrial energy mix with natural gas and electricity having the highest contributions, while coal
shows a decreasing trend. Electricity and heat refer to quantities purchased from energy companies.
The steady levels in both countries, during the last decade, indicate the necessity for policy initiatives
to trigger deep transformative change, while also mitigating GHG emissions, which have increased in
Germany in the last years and have not adequately dropped in the UK (Figure 2).
Regarding total manufacturing industrial emissions, Germany and the UK reduced GHG emissions
by 30% and 46% in 2018, compared to 1990 [28]. This can be partially attributed to UK economy
shifting away from manufacturing to service-based industries (Figure 3), showing decreased direct
emissions, while Germany’s industrial share remained stable in recent years, despite post-unification
industrial downturn in Eastern Germany (Figure 2). The sector’s GHG emissions contribute to the
national footprint (excluding LULUCF) of each country with 15% and 10% for Germany and the UK
respectively [28]. It is noteworthy that the UK government published its Clean Growth Strategy (CGS)
in October 2017, setting out ambitious goals and proposals regarding pathways up to 2032. UK’s
Industrial Strategy was also published in November 2017, including a Clean Growth Grand Challenge
targeted at helping its industry benefit from global shift to decarbonisation. The CGS stipulates
investments of €115 million for industrial decarbonisation and CCS. Similarly, in Germany, the federal
government’s 2010 Energy Concept set the goal for reducing GHG emissions by at least 55% by 2030,
compared to 1990—corresponding to a 49–51% cut in industry. With industry partly driven by the EU
Emissions Trading System (ETS), a cost-effective scheme for adopting new technologies to address
climate change [29], and carbon prices expected to rise within the next few years in line with ratcheting
up climate policy stringency, efforts towards industrial decarbonisation should be intensified so that
the two countries can retain competitiveness.
In both countries, basic metals, including iron and steel, showed the largest energy consumption
in 2017, followed by chemicals; next were non-metallic minerals, including cement [27]. In Germany,
there is almost stable energy consumption in all sectors, except for a drop in 2009 related to the global
recession, with consumption however returning to previous levels in 2010. Instead, UK’s industrial
consumption has been constantly decreasing since 2000, marking an overall reduction of almost
47%, reflecting a long-lasting transition from manufacturing towards services, with production of
iron, steel and cement decreasing in the past twenty-five years—the latter by 50% [30]. Despite final
demand providing a key explanation for the shift to services in advanced economies [31], to observe
the phenomenon in the UK case we need to focus on productivity metrics (Figure 3). In 1970, services
accounted for almost 56%, while manufacturing accounted for 30% of the gross value added in the
UK. The share of services significantly increased, reaching almost 80% by 2016, with manufacturing
suppressed to only 10% in the same year.
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(Figure 4). mainly a downturn, with some relaxation recently. The same applies to the German
cement sector, while basic chemicals saw substantial economic growth, apart from a modest downturn
during the 2009 recession. Economic activity of German iron and steel increased strongly until a severe
drop in 2009, stabilising at its starting point afterwards.
During the same period, CO2 intensity of German cement kept roughly constant; in the UK,
it started out lower but increased to similar levels, while its iron and steel energy intensity saw high
upward dynamics, particularly during the recession, returning to starting levels afterwards. CO2
intensity remained substantially lower in the German iron and steel sector throughout the period.
Finally, CO2 intensity of the basic chemicals sector in the UK started out twice as high as in Germany
but decreased by a quarter, with Germany’s CO2 intensity not changing markedly.
In summary, there has been little progress in decarbonising these energy-intensive industries in
either country. Recent emission reductions mainly result from reduced activity, except for the UK
chemicals industry, where CO2 intensity substantially dropped. In contrast, cement CO2 intensity
even increased. This lack of progress combined with the importance of the industrial sector in both
countries creates the urgent need to formally study the sectoral innovation systems and failures in the
two industries and reach policy implications that can help accelerate the envisaged transition.
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extension of “market maps” [54]. Markard and Truffer [55] discuss system boundary delineation to
create an integrated framework establishing NIS-SIS-TIS interconnections, while also connecting them
with the multi-level perspective (MLP) [56,57], an analytical approach to understanding sociotechnical
transitions towards radical innovation. Similarly, Chung [58] built upon the idea of a unified National,
Social and Technical Innovation System (NSTIS) of Taiwan’s biotechnological sector.
The SIS, in particular, has been implemented in various case studies of different sectors and
industries, like power generation [59], buildings [60], capital goods [61], natural resources [62], facilities
management [63], photovoltaics [64], food [65] and housing [66]. Decarbonisation of energy-intensive
industries has also received significant attention in literature. Lechtenböhmer et al. [67] examined
electrification of basic materials production in the EU across multiple sectors, in an approach similar to
Åhman et al.’s [68] study of Sweden’s industrial transitions. Gerres et al. [3] examined decarbonisation
at European level, mainly focusing on technologies like CCS. The first SIS application in decarbonisation
of energy-intensive industries focused on the Dutch cement sector and the corresponding clean cement
innovations [69]. Building upon this idea and the discussion on system boundaries, our study focuses
on the SIS of the broader industrial sector in the national context of both the UK and Germany, despite
the SIS generally not following national borders [46]. The fact that the SIS is applied to multiple
industries and for two countries creates difficulties examining theoretical concepts in the context of the
two systems. However, a detailed descriptive analysis is not pursued, rather than a mapping of the
key structural elements. In fact, as we will observe in the analysis of the two SIS, the key industrial
innovations of “green” hydrogen and CCS are in rather premature implementation phase in both
countries. This indicates that the transition is still in early stages and no fundamental decarbonisation
shifts have occurred, thereby avoiding the need to delve deeper into the systems, which is a key
limitation of the SIS [70,71]. Therefore, a central point of our analysis lies in the examination of the
technologies related to decarbonising the energy-intensive industries of iron and steel, cement, and
chemicals from a macroscopic perspective, intending to find elements of each system that mostly affect
diffusion of such innovations.
Our review is performed based on the four blocks identified by Malerba [19], which we
briefly outline here (for a more detailed discussion of the SIS framework and its blocks, please
see [19,20,47,59]): “actors and networks”, “institutions”, “demand”, and “knowledge, learning
processes and technologies”. Initially, the industrial primary and secondary actors in the two
countries are mapped. However, the co-existence of these actors individually does not ensure effective
diffusion of innovation [72]: it is through cooperation and established networks between the key
players of an industry, public authorities and research institutions that innovation can be shared
and cultivated [73]. Via institutional analysis, national policies affecting industry and setting a path
towards decarbonisation are identified, along with similar European initiatives, like EU-ETS [74].
Demand also plays a key role in the market, not only as a consuming agent, but also in the adoption
of new technologies and improvement of end products [75]. This is especially the case for industry,
where the customer base comprises other large agents like the automotive industry [76,77]. Describing
the existing knowledge base and the technologies currently dominating the industrial sectors, while
explaining the opportunity conditions leading to emergence of innovative processes [78], the learning
block plays a fundamental role in the innovation system: knowledge transfer allows to examine
technological diffusion pathways in the system.
The UK and German SIS are then fed into a comparative analysis, where barriers to entry for the
diffusion of decarbonisation technologies can be drawn from a systemic perspective, potentially leading
to carbon lock-ins [79] and subsequently to failure to adapt to new technologies and policies [80], thus
failing to meet emission targets. The analysis is performed based on the four types of innovation
system failures [22]: institutional, infrastructural, capabilities and interactions. Introducing the system
failures approach in the comparative analysis allows us to deviate from a strictly structural comparison
of the individual case studies, thereby enhancing our perception of the ability of the two systems
to manage innovation. It is often argued that identifying failures or barriers without applying a
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more process-oriented framework like the TIS is difficult [36,52]. However, low-carbon transitions are
still in early stages, since technological innovation processes are almost non-existent, as showcased
in our analysis, and the TIS, mostly used to investigate the evolution of a system as a technology
evolves over time [52,81], has not yet emerged. Unlike in cases of better-established technologies
(e.g., [82]), this therefore renders focus on technological processes to explicate the sectoral configuration
difficult. To avoid these implications and better serve the objective of the study, we integrate the SIS
with the system failures framework. The former is used to structurally analyse the systems from a
macroscopic perspective, given the multiple subsectors and the two countries, while the latter helps
identify potential bottlenecks in the envisaged transition and suggest policy interventions that elude
these failures. The types of failures recognised in this framework are directly correlated with barriers
extensively identified in literature on energy-intensive industries [7,83–87]. System failures generally
relate to problems occurring in a given system [88], while barriers are obstacles that contribute to
slow diffusion of innovation [89]. Addressing both system failures and barriers is key to designing
effective policies that support innovation through all various stages [88,90]. Given the early stages of
the transition, understanding possible failures that these barriers could lead to is critical in addressing
them timely and mitigating their negative impact [91]. The connection of these types of failures with
the SIS building blocks enables integration of the two theories in the conceptual framework presented
in Figure 5, while the way in which the building blocks are put together is explained in the following
paragraphs. Although the SIS and the system failures frameworks have only recently been applied
for exploring the Norwegian and Canadian transport sectors [92], this is the first study to employ
these frameworks with the aim to assess the industrial low-carbon transition potential, and the first to
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fostering innovation [94], either by weak exchanges among actors hindering innovation or by tight
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the different system players are vital for the system’s effective operation. From that perspective, the
combination of this block with the interaction’s failure is evident. These interactions can be divided
into weak and strong [93]. Both negatively affect interactive processes of learning, which are vital in
fostering innovation [94], either by weak exchanges among actors hindering innovation or by tight
connections that can be inefficient to exploit opportunities [95], not allowing innovation to surface at
all [96].
The institutional block operates on a broader level with policies affecting all aspects of the systems,
including the main actors and the demand side, but also knowledge and innovation, especially through
funding channels and strategies, evidently relating to potential institutional failures. These can be hard
or soft [93]. The former is associated with the legal and policy framework, including health regulations
and labour laws indirectly affecting the system, which are fundamentally similar with the institutional
block of the SIS. The latter is mostly related to a wider spectrum of cultural standards, norms and
habits in the society. For industrial sectors where citizens are not direct buyers of the goods produced
and therefore have no consuming power, society can only demand policy change through pressure
on institutions [97]. Therefore, in our case soft failures can be linked with institutions, although the
linkage needs to be properly studied, especially when citizens act as consumers in the system.
The connection of demand with the system lies mainly in the purchasing process between buyers
and producers. From that aspect, demand can be linked with the demand side of the capabilities
failure, as established by Zhang and Liang [80]. This linkage is built on the willingness or ability (e.g.,
existence of sufficient resources) of buyers to purchase “greener” products that can be costlier than old
products. The demand block is also affected by policy regulations (e.g., taxation).
Finally, the knowledge/learning block is presented as emerging from inside the actors’ block,
either through the main actors exploiting the existing knowledge base, or through development of
innovation. Depending on the origin of innovation, since research is performed by both research
institutions and businesses, knowledge flows to the rest of the actors’ block. Knowledge can be linked
with two types of failures: infrastructural failures, like ICT infrastructure, energy supply or testing
facilities; and actor-side capabilities failures, related to actors’ capacity to make the leap and adapt to
new technologies.
Our main research question examined in this study orients on the ways in which the UK and
German industrial sectors are formed from a sectoral systemic perspective and how decarbonisation
technologies are diffused within and across the innovation system. Drawing from the structural
properties of the systems, specific barriers that may act as bottlenecks in the diffusion of innovation
are also identified, potentially leading to system failures in coping with sustainability transitions.
These outputs are then translated into policy implications.
4. The German Industrial SIS
Industrial Revolution in Germany began in the mid-19th century. State governments rapidly
developed a rail system to minimise distances in the country, lowering costs of regional trade, making
it feasible to serve distant markets from central locations, and providing incentives for manufacturers
to concentrate production in central areas and around coalfields. In the Ruhr Valley, fully developed
coalfields helped Germany become the foremost coal producer in Europe. Concentration of accessible
coal deposits in central Germany explains the higher rates of industrial employment in coal-rich
regions, compared to German regions that lost traditional manufacturing centres [98]. A steel industry
emerged, and the stimulus of coal and steel development expanded the banking and capital markets
available nationwide, triggering growth of other industries like the chemical and electrical sectors
in the latter part of the 19th century, with German chemical industry becoming the most advanced
globally. Coal-using technologies invented over the course of the 18th century progressively improved
and were increasingly adopted during the following centuries [99].
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4.1. Actors and Networks
German industry comprises an advanced network of interconnected actors where knowledge
and innovation diffuse. On a macro-level and with a quarter of the country’s GDP deriving from
industrial products, the Federation of German Industries (BDI) and the Energy-Intensive Industries
in Germany constitute networks of industry associations representing interests of various sectors
in political decision-making, showcasing industry’s impact on society. Research-wise, the German
Association of Technical and Scientific Societies provides policy recommendations towards scientific
progress on technical issues from thousands of organisations in their network. Financially, Germany
Trade & Invest connects domestic businesses with the global market to trigger investments, also helping
foreign enterprises set up in Germany.
These activities are supported by the Federal Ministry for Economic Affairs and Energy (BMWi),
the leading authority on industrial policy regulation and a key player in financing R&D activities.
This is vital for sub-sectors like chemicals that mainly comprise small and medium enterprises (SMEs)
relying on public investment and tax reductions to finance R&D operations. BMWi also supports
universities and non-academic research organisations.
Regarding iron and steel, the German Steel Federation (WV Stahl) is a significant political
influencer affecting both the national steel industry and global market. It focuses on creating an
effective political-economic environment for German steel enterprises to be competitive, assisting
numerous autonomous institutes like the VDEh Steel Institute, the VDEh Institute for Applied
Research, the Research Association for Steel Application and the Information Center Stainless Steel,
to promote innovation and perform applied research. An interesting public-private collaboration is
the Max-Planck-Institut für Eisenforschung, an autonomous research institute, equally financed by
VDEh and the Max Planck Society for the Advancement of Science, ensuring research results are useful
scientifically and market-wise.
Manufacturing companies play an important role in maintaining iron and steel production, with
local and global operations and exports being a key activity. However, large multinational companies
foster competitive instabilities in the system, like price-fixing [100]. The private sector also contributes
to the iron and steel sub-system from an innovation perspective; indicatively, Siemens VAI was the
leading research body to establish the COREX and FINEX ironmaking processes [101].
The cement industry is more diversely structured, compared to steel: contrary to most
manufacturing operations coming from key steel players, cement is produced by both large- and
medium-sized companies. Institutionally, a key actor is the German Cement Works Association (VDZ)
representing interests of cement companies producing multi-billion-euro sales. Like WV Stahl, VDZ
operates a network of organisations, representing German cement manufacturers and promoting
diffusion of knowledge, technology and research in production and environmental management.
These activities are further elaborated from the Research Institute and Environmental Measuring Body
for effective monitoring of production plants, which is independent from VDZ ensuring research
credibility. PÜZ and FIZ-Zert are responsible for product certification according to standards and
emissions respectively.
The German chemical industry has a completely different structure due to the vast plethora of
goods produced. A key characteristic is the high share of SMEs, representing 90% of total workforce,
which take advantage of increased innovation needs to formulate research-driven business models [102].
The German Chemical Industry Association (VCI) is the main association in chemicals representing
over 1700 companies, organised in thirty sector groups and associations depending on area of
operation [103], further proving the sector’s structural complexity. Said diversity leads to difficulties in
establishing chemistry-specific research organisations: apart from SMEs and large companies, most
of the sector’s research is powered by institutes like Max Planck Society, Fraunhofer-Gesellschaft,
Helmholtz Association, and the Leibniz Association.
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4.2. Institutions
On a policy level, Germany must maintain the role of a major industrial nation, while implementing
effective climate mitigation actions. This dual challenge is further reflected in the efforts of industrial
lobbying associations to block regulatory interventions and reforms, or downgrade policies to voluntary
actions [104]. Such efforts are further boosted by the industrial mentality of German society [105],
as local influence may oppose initiatives affecting industry’s regional added value, leading to more
conservative approaches that do not threaten their interests [69].
Germany introduced a first version of feed-in tariffs in 1991, with the Electricity Feed-In Law
obliging utilities to buy energy from renewable energy sources (RES) on premium prices, ensuring
grid access to RES-based energy [106]. RES generation was also encouraged through the Renewable
Energy Act [107], introduced in 2000 and revised in 2014 and 2017, setting a target for RES production
of at least 80% by 2050. As part of a strategy, the Energy Concept (Energiekonzept) was introduced
in 2010 setting the target of 80–95% GHG emissions reduction by 2050, while the Energy Transition
(Energiewende) aimed at nuclear phaseout and further cut on fossil fuels [108].
In 1964, the German air pollution control regulation had been legislated as technical instructions
of air quality control (TA Luft), setting the first limits regarding air quality standards, while in 1974 the
Federal Immission Control Act set out general principles on harmful environmental practices [109].
TA Luft has since been revised oftentimes, setting stricter limits for air pollutants, leading to its 2014
revision that incorporated the Industrial Emissions Directive (IED) into national legislation [110],
which aimed to oblige installations to operate according to BAT, creating legally binding conclusions
that define new emission limits [111]. This was critical for Germany, since almost 10,000 of the
total 45,000 permits issued under the IPPC Directive—a previous version of IED—regarded German
installations [112].
Combined with IED, energy-intensive installations are bound to fulfil emission targets according
to the EU-ETS and acquire tradable allowances to cover emissions [59]. EU-ETS implementation poses
dangers for industry: cement and iron and steel are vulnerable since 60% and 25% of their gross value
added (GVA) respectively could be at stake [113]. To protect them, the EU-ETS included a progressive
transition to auctioning, through free allowances, meant to steadily decrease until 2020, when most
would have been auctioned; however, to prevent emergence of carbon leakage [114], free allowances
were continued with decreased proportion [115]. For German installations, this means that significant
adjustments must be made to adapt to the increasing emissions they need to acquire.
These changes led to increased costs for system actors and must be considered, since major
companies have already expressed interest in implementing actions for emission cuts requesting policy
support but are reluctant due to lack of viable business plans [116]. In 2019, BMWi published a draft
of the National Industry Strategy 2030, aiming to strengthen industrial competitiveness in Germany,
while promoting innovation. However, this is still in open discussion, mainly due to strong criticism
received over overestimations and introduced centralisation [117,118]. This indicates that on a policy
level the transition is still in the design process.
4.3. Demand
In 2019, German industry experienced signs of recession reflected in lower production
volumes [119]. Major challenges faced by the automotive industry [120] were partially responsible
for the observed downturn [121] with its importance reflected in both the final output and the
individual products consumed for car-making. This outlines two major effects that demand has on
industry: a direct impact in terms of growth, in absolute numbers; and an indirect influence that
consumers’ preferences could have in knowledge and innovation diffusion [122]. Figure 6 illustrates
the diverse sectoral shares of steel consumption in Germany, which remain historically steady [123]
with construction, mechanical engineering and road vehicles being important consumers.
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of chemical products are inputs into multiple industrial procedures [130]. Consequently, challenges of
the automotive industry naturally affected the chemical sector, experiencing signs of crisis despite the
boost of pharmaceuticals [131,132].
Decarbonisation policies affect not only these sectors, but their consumers as well, with problems
in demand being transferred as sectoral challenges, as is also evident by the generalised effects of the
financial crisis of 2008 in terms of energy consumption, emissions and emission intensity reflected in
Figures 1, 2 and 4. Especially for German industry, where the automotive sector is significant driver
of economic progress [133], consumers’ technological needs have the potential to steer research and
innovation towards more efficient techniques.
4.4. Knowledge, Learning Processes and Technologies
Industrial technological regime comprises different knowledge bases for individual sub-sectors,
although iron and steel, cement and chemicals are commonly regarded as energy-intensive
industries [134–136], with industrial energy efficiency and new practices receiving increasing attention
on a policy and research level [137].
Traditional production routes dominate steelmaking in Germany. BF-BOF is responsible for
almost 70% of total production, with the remainder mostly being produced by EAF and to a smaller
extent from a single DRI plant [138]. Between 1991 and 2007, steel progressively increased EAF shares,
leading to energy consumption decline [139] and the relatively low CO2 intensity of German iron
and steel.
Accounting for 2.9% of Germany’s GHG emissions [140], cement production processes play a
key role in industrial energy consumption. After reunification, progress has been made in efficiency
through significant reduction of the clinker ratio (to 73% in 2011) [128]. Usón et al. [141] similarly
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observed substitution of fossil fuels by alternative fuels, like meat and bone animal meal, sewage
sludge and biomass, to almost 60%.
In chemicals, dominant processes greatly vary, due to diversification of final products. Chemicals
account for 19% of total industrial energy consumption, which is mostly attributed to ethylene, chlorine,
carbon black, ammonia, methanol, and polymers [142]. Ammonia synthesis is still based on the 1908
Haber-Bosch process [143], and despite being considered energy-intensive [144] the final product’s
agricultural usefulness [145] outweighs negative effects. Similarly, ethylene production from cracking
naphtha, the basic material used in Germany, is also considered energy-intensive [146].
Evidently, German industry borders are relatively strict, given endurance of certain processes
as dominant production drivers through time. Therefore, structural adjustments must be made
for the sector to cope with increased necessity for industrial decarbonisation [67]. In fact, most
installations already tried to deal with the environmental impact of their operations, by applying
BAT [111,147,148]. However, further BAT-compliant improvements are subject to limitations regarding
long-term targets [134,138]. Shift to less CO2 -intensive production was attempted when ArcelorMittal
opened the first DRI plant in Hamburg. The DRI process could create high-quality iron to be used
in EAF due to increasing need for scrap [149]. However, DRI being expensive [138] limited further
diffusion. As a result, reaching the ambitious targets of the German policy requires breakthrough
innovations, strategically crossing the boundaries of individual sub-sectors [150], while maintaining
financial viability.
One promising technology is CCS: industrial installations in Germany are forming localised
clusters, which are ideal for implementing CCS [151] to reduce CO2 emission in the examined
sub-sectors [152]. Domestic CCS projects are still at pilot implementations, gaining mixed reactions
from society due to perceived risks of living nearby storage sites [153]. Lack of public acceptance has
forced many projects to be cancelled or put on hold, causing financial, political and legal issues [154].
Public misconceptions also exist in the use of alternative sources for chemical production [155]. Since
public acceptance is a major driver of change, such projects should also focus on cultivating positive
public perception.
Another promising technology is low-carbon hydrogen electrolysed from RES, i.e., green hydrogen.
This could benefit iron and steel, as hydrogen can be used as a reduction agent to directly reduce iron
ore, but also for hydrogen-based ammonia production [156]. Private companies appear interested in
diffusion of hydrogen-based technologies. Salzgitter launched the Green Industrial Hydrogen project
in 2016, aiming to develop a high-temperature electrolyser [157,158]. ArcelorMittal has also been
working on an experimental hydrogen project at Hamburg’s DRI plant, to further reduce its emissions.
These examples show industry is keen on hydrogen to deeply cut emissions, with multiple German
stakeholders requesting a hydrogen strategy from the government, combined with efforts towards a
“European Hydrogen Strategy” [159].
Encouragement for renewable energy production in Germany provides a great opportunity
for “green” hydrogen to emerge, while exploitation of DRI plants indicates a certain degree of
cumulativeness, despite the generally well-established knowledge base. Similarly, local clusters
provide an area for installing CCS, which can be combined with the existing dominant processes.
Research is also accessible to firms even from external sources, like research institutes. These
technologies show great potential in the key dimensions of knowledge [47], even though, on aggregate,
the “opportunity” for the industrial regime is not provided through powerful incentives, but rather
fear of increased costs from CO2 emissions.
5. The UK Industrial SIS
Between 1770 and 1850, the UK was the first country to undergo industrial revolution, of which the
most important component was iron and steel production. Despite significant lack of scientific
knowledge, the revolution was achieved by means of empirical methods. Several successful
innovators developed spectacular patents for steel production, even though they had no industrial
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background [160]. Industrial innovations also increased as the UK was endowed with extensive cheap
coal supplies, providing cheap energy and lucrative export trade. Innovations and cheap coal supplies
led to rapid development of engineering, railways, construction, shipbuilding, etc. Historically, during
the 1600s, England’s iron production was around 20,000 tons/year, a value that did not vary much until
after 1750, with the Shropshire coalfield being an iron-making centre since the 16th century. In 1767,
the first iron rails were used and, in 1781, the first cast iron bridge was built. Rapid growth was a
stimulus for implementation of new industrial methods, such as use of coke in reverberatory furnace
to forge wrought iron [161].
5.1. Actors and Networks
Energy-intensive industries are also capital-intensive, considering construction costs of
manufacturing plants; therefore, they are generally characterised by few incumbent multi-national
firms and several midstream enterprises that process iron, steel and cement to produce components
for a diverse variety of industrial applications. Prices of raw materials used by midstream firms are
therefore considerably affected by the few upstream companies [162]. Nevertheless, the latter are also
dependent on midstream firms, as these account for a significant fraction of their sales. The structure
of the iron and steel industry has undergone significant restructuring, from the 1988 privatisation [163]
to mergers and acquisitions throughout the 2000s [164]. The same applies in chemicals, where global
reshaping led to establishment of companies resulting from mergers [165], although the sector includes
numerous SMEs [166], due to the broad spectrum of products.
A prominent industry association, operating both inside and outside UK borders, is the
Confederation of British Industry (CBI), counting members employing almost one-third of private
sector workforce. Its main purposes include promotion of UK business interests by applying pressure
to the government, network creation, policy analysis, and knowledge transfer. MAKE UK is a
federation consisting of various manufacturing and technology firms, including producers of iron
and steel products, with a main purpose of providing advice and expertise on climate, environment
and employment. A similar trade association providing advice to industrial actors is the Mineral
Products Association, consisting of businesses operating on or producing cement among others.
Finally, the Chemical Industries Association represents energy-intensive firms producing chemical and
pharmaceutical goods.
The UK hosts some of the most highly ranked universities in the world, including Cambridge,
Oxford, and Imperial College London. The latter has established the Corporate Partnership Programme
and Industry Partnership and Commercialisation, aiming to bring students and companies closer, in
terms of employment and new industrial technologies. One-third of the budget for the tailored to
industrial problems engineering research programme of the University of Cambridge comes from
collaborations with industrial corporations. The University of Oxford provides consulting services to
various industries, and via forming spin-out companies, facilitates capitalisation of university research
on real-world applications. The country is therefore a pioneer in technological research, having
produced 14% of the most highly cited publications [167], which is closely linked to industry attracting
significant investments in research [168]. University-Industry cross researchers with combined
affiliations [169] and co-authored publications reflect productive research cooperation between
industrial firms and universities. Apart from research carried out in universities, the government funds
multiple research programs and initiatives, such as the Industrial Strategy Challenge Fund, as part of
the government’s Industrial Strategy aiming to increase productivity and contribute to decarbonisation.
The Department for Business, Energy and Industrial Strategy (BEIS) plays a significant role in
formulating industrial transition pathways, aiming to ensure a low-cost, clean UK energy system.
Responsibilities of the Ministry of State for Universities, Science, Research and Innovation include
reform of university education, science and research, innovation and technology; jointly administered
by the Department for Education and BEIS, the ministry can stimulate universities to further engage
on environmental research applied in industry. Finally, the Department for Environment, Food and
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Rural Affairs also targets sustainable development, which is directly connected with use of cleaner,
less energy-intensive technologies.
Finally, the Committee on Climate Change, a non-governmental public organisation, aims to advise
the government towards achieving GHG cuts and adapting to climate change, like the government’s
targets of net-zero emissions. The committee assesses and reports progress of the country’s transition
to a cleaner economy and helps the government introduce Industrial Decarbonisation and Energy
Efficiency Roadmaps.
5.2. Institutions
The UK was an EU member-state until 31 January 2020. Environmental legislation includes
national and European (commonly shared with Germany), with obligations towards the latter being
subject to negotiations in progress.
In 2008, the country legislated an integrated environmental permitting regime, in which industrial
enterprises must obtain an environmental permit to operate. These permits refer to industries producing
heavy land, water and air emissions; mild such emissions; or only air emissions. Industrial plants
are obliged to remain within the permit’s emission limits and upgrade production plans accordingly
to remain operational. The revised Climate Act was legislated in 2019, making UK one of the first
countries set to achieve net-zero emissions by 2050, with implications for all three sectors.
The UK was obliged to implement European legislation across various aspects. Critically,
EU environmental policies focusing on climate change include the IED and BAT limits for each
industrial sector [170] and the EU-ETS setting increasingly stricter limits for companies and industries
to reduce carbon footprint. Existent EU legislation will remain in force until the end of 2020, allowing
the UK to achieve smooth transition towards complete legislative and authoritative autonomy. After
2020, the UK government will be free to form their own environmental policies; upon decision to
remain in the European Economic Area, it will still be able to participate in the EU-ETS.
5.3. Demand
Industry has been the country’s powerhouse during the last two-and-a-half centuries. Home of
the first industrial revolution, in which machines were first introduced and used, and which boosted
UK economy and real wages [171] and was the cornerstone of rapid development of many other
sectors like engineering, shipbuilding and railways [160], the UK became one of the largest economies
worldwide until today.
Iron and steel are used in various applications and industries. The largest amounts are used in
construction, followed by manufacturing, including vehicles and mechanical equipment. In the last
25 years, although national GDP steadily increases, manufacturing GDP has shown negligible change,
in contrast to services that have doubled their GDP in the same period [172]. This indicates that the
UK economic model is shifting towards an era promoting production of services over goods, as seen in
Section 2, which may in turn result in reduction of iron and steel demand and production.
Cement is widely used in the building sector for manufacturing beams, floors, wall blocks, and
so on. It can also be used for construction of infrastructure, like bridges, tunnels and railways [173].
Contrary to manufacturing, the construction sector’s GDP has risen by almost 20% since 1990 [172].
Nevertheless, in the same period, production of cement in the UK has dropped by 50% [30], and
increasing demand is met by imports.
Chemicals and pharmaceuticals constitute the second largest UK industry. Most common
products include plastics and polymers, like polycarbonate and polyethylene [174], with renowned
firms established in the UK, including some of the most profitable pharma industries. Contrary to iron,
steel and concrete, production of chemicals has remained steady during the last twenty years, whereas
its GVA has increased by almost 40% since 1996, showing competitiveness, despite cheaper products
from countries like China because of lower wages and production costs. A quarter of total production
is directly supplied to households, which may hesitate to try unfamiliar brands.
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Since the early 1990s, global economy has entered a new era; US, EU and Japanese industrial
dominance has started losing grip, with several industrial powerhouses emerging, including Mexico,
Indonesia, India and China. Particularly, China has quickly become one of the biggest economies in
the world, mainly because of its rapid industrial development; its iron, steel and cement production
has increased twenty-fold and cater more than 50% of worldwide demand [175]. The UK, among other
countries, has started depending on imports from China or other emerging countries rather than their
own industry; and domestic production has been facing significant downfall, apart from chemicals
that remained steady, while manufacturing GDP also remained steady despite increase in national
GDP, indicating that GDP growth from production has not occurred in the UK, especially considering
pressures from the 2008 financial crisis that further limited energy consumption and significantly
increased emission intensity (Figures 1 and 4).
5.4. Knowledge, Learning Processes and Technologies
BF is the dominant technology in iron and steel, with coal accounting for 70% of total energy
required; EAF accounts only for 2.5% of total sectoral energy demand [176], as also reflected in only
17% share of total production [177], due to difficulties in importing scrap [178]. This makes it the most
polluting industrial sub-sector, accounting for 25% of its industrial GHG emissions [179]. The lower
share of EAF is also a key factor for UK CO2 intensity being higher than Germany’s.
The technological setting for cement production is similar, with two types of processes: heating of
raw materials (limestone); and electricity use to transform already produced or used cement. The UK
has been among pioneers in alternative fuels: in 2014, the energy mix of this process comprised 60%
coal/petcoke, 18% biomass and 22% non-biomass waste [180]. These emitting processes account for 8%
of UK industrial emissions [179].
In contrast, chemicals are characterised by an extended number of thermal or chemical processes
fundamental to producing plastics, like polymerisation and steam cracking. Different fuels are used,
such as naphtha, oil gas, butane, etc. [12], making the sector a major pollutant, accounting for 19% of
UK industrial total GHG emissions [179].
Numerous low-carbon techniques and technologies exist that can replace the dominant processes.
Some can be applied to specific sub-sectors and others feature a broader scope of applications. The latter
may have much greater impact on emissions abatement, especially if adopted in the entire industry.
UK’s roadmap to industrial decarbonisation until 2050 [181] identified cross-sectoral technologies; for
all three sectors, the most important are BAT, fuel switching (like hydrogen or biomass), CCS and
energy efficiency.
BAT-compliant modification of industrial plants, encouraged by EU legislation, is a first step
towards greener industry, contributing to energy efficiency and reducing production of various air
pollutants [182]: in iron and steel, adaptation to BAT can result in reducing energy consumption by
1GJ per tonne of steel [183]. A common BAT application is heat recovery in several stages of iron and
steel production, such as BF and sintering [176].
Achieving a net-zero emission industry also entails adoption of cutting-edge technologies, like CCS.
For cement, calcination accounts for 60% of all GHG emissions, with the remaining 40% being caused
by fossil fuel combustion [184]. The former emits CO2 regardless of the heating fuel used, which
provides the necessary opportunity for CCS to be implemented; as such, CCS is critical for the 2050
target and, as a relatively new technology, requires more research, with universities and research
institutes to play an important role in order to increase research accessibility.
Another promising solution in iron and steel lies in low-carbon hydrogen since combustion
produces little-to-no CO2 emissions. The UK is an important stakeholder in hydrogen research and
production; most of its hydrogen plants use steam methane reforming (SMR) [185], resulting in CO2
emissions [186]. Hydrogen use for emissions-free industry requires promotion of green hydrogen
plants and use of CCS in SMR installations. The supplementary nature of the two technologies in the
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UK provides an opportunity that builds on cumulative knowledge allowing further diffusion of both
in the transition.
6. Comparative Analysis Based on the System Failures Framework
Industry has globally locked-into extensive fossil fuel use, driven by dominance of well-established
energy-intensive processes [187] acting as barriers to implementing green technologies [188].
Such barriers disrupt innovation diffusion and delay adoption of carbon-neutral techniques and
transition towards sustainability [189]. Here, we study the ability of these barriers to cause system
failures for Germany and the UK, by examining SIS features. A visual representation of the SIS for
the two countries along with the corresponding failures is provided in Figure 7. A discussion of the
findings reflected and illustrated in Figure 7 is included in Table 1, which summarises resilience factors
and potential causes of failures faced by each sector.
Table 1. Resilience factors and potential causes of failures in the German and UK industrial systems.
Germany

UK

Resilience to
Failures

Potential Causes of
Failures

Resilience to
Failures

Network of active
associations and
companies
A large number of
SMEs especially for
the chemical sector

Strong network
interactions lead to
lobbying practices and
strategic decisions that
threaten competition

Renowned
universities that
perform research
activities
A large number of
SMEs especially for
the chemical sector

Institutional

Active
environmental
policy
Optimistic targets
and political will to
achieve them

Industrial strategy
hesitant and
overoptimistic
Industrial Policy not
elaborated regarding
high cost innovation
Strict regulation causes
fear of carbon leakage

Active
environmental
policy
Optimistic targets
and political will to
achieve them

Capabilities

Strong consumers
(e.g., automotive
industry for the
iron and steel
sector)
Adequate
operational
capabilities
High share of EAF
compared to
BF/BOF for steel
production
Existing DRI plant

Possible downturn when
the automotive industry
faces problems
Problem supporting
innovative processes due
to high investment cost
Consumers reluctant
over higher cost of
“green” products
Carbon lock-into
conservative dominant
processes
Difficulty in combining
technologies like CCS,
EAF

Adequate
operational
capabilities

Infrastructural

Strong
Infrastructures

Interactions

Strong
Infrastructures

Potential Causes of
Failures

Industrial Policy focuses
more on financial rather
than environmental issues
Limited funding for a vast
number of policies
Strict regulation cause fear
of carbon leakage
Uncertainty after
withdrawing from the EU
Problem supporting
innovative processes due to
high investment cost
The shrinking industry
causes decline in demand
Consumers reluctant over
higher cost of “green”
products
Carbon lock-into
conservative dominant
processes
Difficulty in combining
technologies like CCS, EAF
Low share of EAF
compared to BF/BOF for
steel production
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6.1. Interactions
The network structure of both industrial innovation systems appears similar. The three sub-sectors
consist of active firms in both countries, research and academic institutions, government entities
and business confederations. Nevertheless, internal relations and balances between agents vary
significantly. German iron and steel industry feature a larger, more influential network of firms
and associations, with some of the largest stakeholders located or headquartered in Germany, with
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implications for the global iron and steel market. The shrinking UK sector is characterised by fewer
stakeholders. A similar phenomenon is observed in their cement industries. In contrast, both chemical
sub-sectors host and affect critical stakeholders, with ties especially to pharmaceuticals.
Germany is considered more influential regarding firm operation and relevant corporate
associations. However, these interactions show characteristics of powerful networks, with incidents of
price-fixing and lobbying. Such networks, forming a compact regime, can block innovation if collective
interests are threatened, leading to interaction failures. The UK features a more interactive research
pillar, with renowned universities involved in industrial R&D.
The two countries show significant resemblance in governmental entities’ interactions with the
system. The most relevant UK governmental entity is BEIS; in Germany, jurisdiction lies upon the
Ministry for Economic Affairs and Energy. Both interact similarly with industry, through environmental
policies or strategies aiming to help companies carry out technological R&D.
Industrial networks differ in the two countries but are generally stable in the interactions developed:
they are well-constructed and have numerous incumbents, with Germany focusing more on associations
and UK on universities and research institutions, which makes it easier for the latter to establish
effective networks without significant barriers. System failures caused by agents’ interactions is not
highly possible in either country, although actors’ strategic practices can threaten competition, if no
regulations take place. To overcome resistance to innovation and change, especially in Germany,
it is imperative to design specific policies that pose stricter emission targets, or border taxes, while
providing industry-specific support to assist innovative activities.
6.2. Institutions
The UK experiences a long-lasting transition from manufacturing towards services, altering
societal structure in the form of shifting employment balances and leading to shrinking industry.
Sectoral inability to keep up with overall economic growth leads to decreased investments within
the sector [190] and to decreased chances of developing technological innovation. Given the high
correlation between investment in research and productivity [191], transition towards services is
a key challenge for UK industry, since it is more susceptible to decreased investments, potentially
leading to severe institutional failures, unless adequately addressed. Existing companies in a shrinking
environment are more vulnerable to locking-into traditional, carbon-intensive operations to secure
profits [192]. An observed global societal transition towards services as a substitution of industrial
manufacturing [193] indicates that adjustments are necessary even for the more stable German industry.
Policy-related routes have also been crucial for the success or failure of big firms and industries [194,195].
Both countries have demonstrated legislative determination towards climate change mitigation, having
equally legislated their National Energy and Climate Plans, formulating decarbonisation strategies
with industrial emission targets. With EU legislation active also in the UK until the end of 2020 despite
Brexit, both have also adopted environmental legislation, directives and regulatory mechanisms, like
the EU-ETS, IED and BAT. However, specific industry-related strategies in both countries lack novelty,
with UK strategy focusing more on financial rather than environmental issues [196], while also receiving
criticism over limited funding on some policies [197]. The German draft also received significant
criticism. The observed policy inconsistency is attributed to leniency of industrial emission targets to
avoid carbon leakage to other countries with more permissive emission legislations. These include
countries without ETS schemes, or countries with heavy and competitive industries and an established
nation-wide ETS, like China, which however feature significant shortcomings like low market
activity, single-mode settings, lack of national-level legislation, and limited data transparency [198].
Harmonisation of industrial policy with stricter climate action requires high capital investments [199].
Increased costs and fear of carbon leakage constitute two existing barriers for effective legislative
initiatives, threatening to cause insufficient prioritisation to implement policies on decarbonising
energy-intensive industries. Industrial transition is heavily dependent on strictly-committing emissions
mitigation policy [85]. Lack of willingness to propose coherent industrial policies may result in
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institutional failures of both systems endangering decarbonisation. This structural failure at early
stages can potentially evolve into a transformational directionality failure [96] as the transition unfolds
due to lack of strategic guidance.
Additional institutional challenges are present in the UK, because of Brexit, which may increase
volatility on a policy level, resulting in either looser or stricter legislative landscape. The country’s
autonomy to form its own legislation without restrictions from a supranational body means it will
have to abide by its own easily modifiable laws. Hence, the pathway that governmental authorities
choose may significantly affect industrial decarbonisation. Furthermore, it is now easier for businesses
to transfer key activities abroad, than when part of the EU, thereby increasing carbon leakage fears.
6.3. Capabilities
System failures also emerge from firms’ unwillingness or inability to adjust to new technological
and environmental standards. Industrial transitions require the necessary financial and technological
resources, flexibility and learning capacity, usually related to the development capability of a
corporation [22]. Industries require high capital costs for any type of investment regarding equipment
modification [199]. Long investment cycles imply significant delays before return of the capital
invested [200]. Diffusion of technologies like hydrogen, struggling to be financially competitive [201],
are further affected by such cycles. This is a significant barrier for every industry, especially in shrinking
markets, like the UK, which is more susceptible to capability system failures.
Another significant barrier to industrial decarbonisation lies in energy-intensive industries
supplying others that are generally reluctant to use low- or zero-carbon material due to lower
short-term returns [83]. This reluctance in turn does not motivate industrial sub-sectors to decarbonise
practices and products. Lack of dedication is strengthened by other major exporting countries, like
China, providing cheaper commodities, since they engage to less energy efficiency investments and
industrial environmental upgrades [202]. Consequently, the UK and German industrial systems alike
may hesitate to adapt to green technologies, to compete with non-European exporters possessing
a competitive edge. China’s expansion poses a significant challenge for UK economy, due to the
lengthy period of its shift towards services, accompanied by a continuous industrial downfall, and
coupled with Brexit volatilities and subsequent efforts from other European countries to increase their
services share [203,204]. Even though some of the challenges are shared by Germany, the latter’s sector
has shown resilience, demonstrating stability supported by eminent automotive and construction
sectors, especially for iron and steel. Said challenge for UK industry is augmented by willingness of
Chinese investors to penetrate the British market, by investing in existing industrial plants [205], with
growing uncertainty regarding the future of UK iron and steel enterprises. UK policy should therefore
focus on incentivising new industries and players in green markets, while linking energy-intensive
manufacturing to domestic production of low-carbon technologies like wind turbines.
German industry appears more robust regarding demand-side capabilities bottlenecks, compared
to the UK, due to high influence of demand; nonetheless, dependency on specific midstream sectors
(e.g., automotive) means that, if these sectors face production decline, upstream industry will also
encounter sales cuts, making it vulnerable.
Regarding actor-side capabilities, comparison on technology focuses on the knowledge base
employed by each sub-sector in the two countries. BF dominates iron and steel production, while the
more efficient EAF is more widespread in Germany (30%) than the UK (17%) [138,177]. Hence, German
iron and steel industry already features stronger decarbonisation technologies resulting in lower CO2
intensity. Cement is characterised by a single technology used in both countries. However, a distinction
is made based on the fuel consumed; biomass and waste are used in 40% of UK’s total energy consumed,
lower than Germany’s 60%, a difference partly attributed to technical and environmental requirements
for different materials [141]. Nevertheless, UK cement CO2 intensity is lower than Germany’s due to a
substantial share of natural gas in clinker production.

Energies 2020, 13, 4994

21 of 34

Apart from existing technologies, knowledge diffusion of carbon-free technologies in industry
also faces challenges. Considered technologies include low- or zero-carbon hydrogen use in various
industrial procedures, and CCS, with the new UK Budget 2020 promising to establish a fund for financing
two CCS installations [168]. Since none of the countries has yet implemented such technologies,
examination of potential failures on an innovation level is inconclusive, although high investment costs
threaten the ability to financially support them. The UK has been an important driver of hydrogen use
and research [185], while in Germany many energy-intensive industrial firms have shown interest in a
hydrogen strategy. Incompatibility between electrification techniques like EAF with CCS could act
as barriers to expansion of their application, with CCS being in early stages in both countries. Less
invasive technologies reducing emissions, like BAT, can be further implemented in both countries [183]
but feature limitations in achieving long-term targets.
6.4. Infrastructure
The last component of the system failures framework regards available infrastructure, which
can be separated in two categories [206]: external factors and general infrastructure, like energy and
communication networks; internal technological infrastructure like the existence of testing facilities.
Both countries are considered among the most economically and technologically developed countries
worldwide. Therefore, both countries experience resilience toward infrastructural failures.
7. Conclusions
This research aims to review the German and UK industrial sectors from an innovation system
perspective, to understand drivers of and barriers to entry of new, sustainable technologies and
translate them into policy implications. While their total CO2 emissions have continuously reduced in
the UK, they have been stalling in Germany since 2000. The analysis is focused on the energy-intensive
sub-sectors of iron and steel, cement and chemicals, representing most industrial CO2 emissions in
both countries. Recent emissions cuts are shown to mainly stem from shrinking activity, while limited
decrease of carbon intensity implies low diffusion of low-carbon technologies. By implementing the
SIS framework, the role of actors, institutions, demand and knowledge is examined for both countries;
further combining the SIS structural elements with the system failures framework helps identify existing
or potential risks for the diffusion of innovative technologies related to sectoral decarbonisation.
The iron and steel industry has been a main driver for Germany’s economy, providing the
necessary materials for the domestic automotive industry, affecting multitudinous value chains.
These business-to-business networks between companies in each sub-sector and their respective
consumers constitute strong demand influence on the German innovation system. Even though
different interests exist inside the system, large corporations, coupled with powerful associations
with impact on global industry, lead to stable economic activity of German industry, although strong
networks present occasional challenges, with the capacity to delay environmental regulation affecting
transition towards greener technologies. However, this observed balance is not equally reflected
in UK industry: its ongoing transition from an industrial towards a service-based economy poses
major threats for the system, progressively leading to shrinking economic activity, additionally facing
Brexit-related uncertainties. However, partial deindustrialisation of the economy has weakened the
regime, contrary to Germany, which has not yet resulted in substantial changes in carbon intensities
but presents an opportunity for new businesses with innovative sustainable processes to emerge and
benefit from the downturn [207].
This critical difference allowed a comparative analysis of the two countries to provide valuable
insights into existing challenges incommoding creation and effective diffusion of innovation, but also
into potential challenges in the UK that the stable German system is not yet experiencing. China’s
competing role as a significant barrier is frequently raised, since different domestic mechanisms and
conditions keep prices low and threaten the examined industrial systems. This competitive edge,
also valid for other emerging economies, affects UK and German manufacturers, increasing imports,
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while decreasing demand for domestic supply. This effect is stronger in the UK, since the automotive
industry helps Germany’s industry withstand pressure and retain shares, but further international
competition may act as a disruptive force against this stability. Addressing the issue both at national
and European level has led to institutional inconsistencies, since strict emissions targets needed to be
relaxed through free allowances for industrial sectors to boost competitiveness, acting as a bottleneck
for innovative technologies, allowing the regime to retain currently energy-intensive processes. This is
a plausible explanation for little progress in reducing CO2 intensity in most energy-intensive sectors
indicating that the transition is still at very early stages.
As showcased in our analysis, transition of the examined industries cannot be driven automatically
by the actors, who even push for more lenient targets, since there is no universal opportunity providing
huge financial incentives. Future policies need to address this hesitation by applying stricter targets
for the industrial sector. A stricter EU-ETS regulation can provide this incentive to guide the
transition, since stricter policies are usually correlated with boost of innovation [208]. Simultaneously,
fear of carbon leakage can be limited through policy actions, like carbon border tax adjustments to
boost competitiveness of specific sectors [209], or European countries mostly affected by production
relocations [210]. Occasional opportunities for emerging green technologies, such as the use of blue or
green hydrogen and CCS can be exploited, since they already receive significant private-sector interest.
Industrial policies must have a clear strategy for sustainable transition, providing ways to finance such
technologies addressing the high investment costs required. It is also necessary for these transition
costs to spread through the entire value-chain and be evenly distributed among state and actors, who
hitherto showcased reluctance. Moreover, future policy decisions on the industrial decarbonisation
roadmap to follow independently or in collaboration with the EU need to address Brexit-institutional
uncertainties and assist new players launch innovative entrepreneurial activities.
Our research can be further enhanced by combining the SIS approach with other Systems of
Innovation frameworks: an integrative approach will allow for a holistic perspective of the examined
systems in transition, while overcoming the limitations of each framework [211]. Such frameworks
include the MLP, which has also been used to draw comparisons between the UK and Germany
in the transport sector [212] and analyse the German electricity market [213]; system mapping [53],
which provides the opportunity to both examine interactions regarding innovation diffusion and
evaluate the broader context of landscape and regime as part of a sustainable systemic transformation
of the two countries; or different combinations of innovation frameworks [214,215]. Another prospect
lies in expanding the SIS analysis to include the diversity of industrial sub-sectors and therefore unfold
the national industries in their entirety, thereby allowing to examine cross-sectoral interconnections
that may promote or hinder the deployment of innovative, collectively beneficial, and non-conflicting
technologies. As transition of the energy-intensive industries progresses in the near future, focus can
later be given on specific technological processes, by applying the TIS framework [48] and expand the
system failures framework to include the transitional failures proposed by [96]. Finally, Systems of
Innovation frameworks have been gaining attention both as climate policy support frameworks [216]
and as part of integrative approaches [217,218]: policy implications provided in this study can be
coupled with modelled future mitigation pathways [219] to highlight bottlenecks in the industrial
sectors examined in this research, and to formulate recommendations on designing transformative
policy pathways overcoming them [220,221], as has recently been the case with other qualitative
frameworks in relevant industrial case studies [222,223] or otherwise [224,225].
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Appendix A
The activities corresponding to the examined sectors include Division 20 for the manufacturing of
chemicals, Group 241 and Class 2431 for the iron and steel industry and 2394 for manufacturing of
cement in accordance with the 4th revision of the International Standard Industrial Classification of
All Economic Activities (ISIC) [226], which are in line with the UNFCCC classification for counting
emissions in the different sectors.
Production of steel is currently based on two main routes: the primary method of Blast
Furnace/Basic Oxygen Furnace (BF-BOF), producing steel directly from iron ores, and Electric Arc
Furnace (EAF), producing steel from scrap. 70.7% of total steel production is based on BF-BOF, while
28.9% on EAF [227]. As of 2018, the EU relied substantially more on EAF than the global average,
producing 41.7% of crude steel via this method, while BF-BOF accounted for 51.3% [228]. Direct
Reduced Iron (DRI) and Smelting Iron (COREX and FINEX methods) could feed into the EAF process,
accounting for 5%, with a small number of power plants globally [139].
Via the BF-BOF route, iron ores are sintered and pelletised to prepare iron oxide raw materials,
while hard coal is carbonised in high temperatures in coke ovens, to be converted into coke, a strong
carbonaceous material [229]. These materials are then fed from the top of the blast furnace (BF).
The iron-bearing materials, reducing agents and additive materials like limestone are blasted via
tuyeres with hot air enriched with oxygen, to reduce iron oxides and create the hot metal (pig iron) [230].
The hot air reacts with the reducing agents to create carbon monoxide, which in turn helps reduce
iron oxide to pig iron; a by-product of the chemical reactions is CO2 , meaning that BF is an important
contributor of carbon-based emissions. Even though partial use of coke can be replaced by other
hydrocarbons creating less emissions, an amount of coke should always be used to maintain the BF
operation [111]. Contrary to BF-BOF, which produces steel directly from iron ores, EAF uses recycled
steel scrap—steel is easily recycled. Even though it requires significant amounts of electricity, this
process is more efficient than BF-BOF, requiring almost one-third of energy [139]. DRI can also be
used for the important iron ore reduction, with scrap availability otherwise limiting EAF [149]. Using
natural gas instead of coke, DRI can lead to significantly lower CO2 emissions [231]. Production of
hot metal from iron ore can be achieved without coke through smelting reduction as an alternative to
BF, thus avoiding the environmental impacts of coke ovens and sinter plants by using non-coke coal
reducing agents [232]. However, higher fuel consumption of processes like COREX and FINEX acts as
a barrier to popularisation of these techniques [233].
According to the Best Available Techniques (BAT) report of the European Commission [111],
processes of iron and steel production lead to emissions of off-gases and solid waste through most
of the necessary steps. Coal and coke handling plays a significant role in these emissions, but raw
material handling and transportation or energy required for operation of facilities and heating of
equipment could also contribute. Environmental harm also derives from slag created in BF, BOF and
EAF, which is usually collected and then used as construction material or in road building [234,235].
Being essential for the building sector, cement is considered one of the most significant materials
in the world. It is the main ingredient for producing concrete, a blend of inert mineral aggregates [236].
The most used type of cement is Portland cement, accounting for approximately 90% of global
production; other types are also produced similarly yet characterised by different ingredient mixes [237].
Cement production consists of four steps: mining and quarrying, kiln feed preparation, clinker
production (pyro-processing) and finish grinding. The basic ingredient used for manufacturing cement
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is calcium carbonate, obtained by limestone or chalk [238], which are usually mined from a quarry
near the cement plant [236]. There exist other minerals mined for producing cement, like clay and
shale, which are used for generating other ingredients necessary for the mix. During pyro-processing
in kiln, various chemical reactions occur, such as evaporation of free water and calcination of calcium
carbonate, taking place in four zones, all characterised by high temperatures; the most important is
decomposition of calcium carbonate [239]. The remaining reactions result in enrichment of calcium
oxide to produce clinker, which is the main cement ingredient. This material must be cooled before
being blended with the required additives for producing cement. Heating the kiln requires significant
amounts of energy, usually from fossil fuel combustion. During grinding, clinker is combined with
various additives to adjust its properties, which are also dependent on the energy consumed during
grinding, since high quality product requires higher amount of energy used.
In chemicals, there is a diverse range of final products that arise from a handful of basic materials,
which creates difficulties presenting a dominant business-as-usual process.
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