
 

 

 

 

NAVIGATING THE ROADMAP FOR CLEAN, SECURE AND  
EFFICIENT ENERGY INNOVATION 

 

Issue Paper on  
Low-carbon transition of EU 
industry by 2050 

Extending the scope of mitigation 
options 

Authors:  Andrea Herbst (Fraunhofer ISI) 

Tobias Fleiter (Fraunhofer ISI) 

 

Frank Sensfuß (Fraunhofer ISI) 

Ben Pfluger (Fraunhofer ISI) 

 

Hector Maranon-Ledesma (NTNU) 

 

February 2018 

A report compiled within the H2020 project SET-Nav 
(WP 5, Deliverable D5.4 "The contribution of innovative 
technologies to decarbonise industrial process heat") 

www.set-nav.eu 

Project Coordinator: Technische Universität Wien (TU 
Wien) 

Work Package Coordinator: TU Wien 

Case Study Coordinator: Fraunhofer ISI 

    
 

The project has received funding from the 
European Union’s Horizon 2020 research 
and innovation programme under grant 
agreement no. 691843 (SET-Nav). 

 

Ref. Ares(2018)1140183 - 28/02/2018



Report Title  

 

 

 

Project coordinator: 

Gustav Resch 

Technische Universität Wien (TU Wien), Institute of Energy  

Systems and Electrical Drives, Energy Economics Group (EEG) 

Address: Gusshausstrasse 25/370-3, A-1040 Vienna, Austria 

Phone: +43 1 58801 370354 

Fax: +43 1 58801 370397 

Email: resch@eeg.tuwien.ac.at  

Web: www.eeg.tuwien.ac.at   

 

Dissemination leader: 

Prof. John Psarras, Haris Doukas (Project Web) 

National Technical University of Athens (NTUA-EPU) 

Address: 9, Iroon Polytechniou str., 15780, Zografou, Athens, Greece 

Phone: +30 210 7722083  

Fax: +30 210 7723550 

Email: h_doukas@epu.ntua.gr   

Web: http://www.epu.ntua.gr  

 

Lead author of this report: 

Andrea Herbst 

Fraunhofer Institute for Systems and Innovation Research (ISI) 

Address: Breslauer Str. 48, 76139 Karlsruhe, Germany 

Phone: +49 721 6809-439 

Fax: +49 721 6809-439 

Email: andrea.herbst@isi.fraunhofer.de 

Web: http://www.isi.fraunhofer.de 

http://www.forecast-model.eu 

 

mailto:resch@eeg.tuwien.ac.at
http://www.eeg.tuwien.ac.at/
mailto:h_doukas@epu.ntua.gr
http://www.epu.ntua.gr/
http://www.isi.fraunhofer.de/
http://www.forecast-model.eu/


 

 

Executive Summary 

Industry accounts for about 25% of EU final energy demand and its dominant energy carriers are 

gas, electricity, coal, and oil. This means the sector is critical for the achievement of European 

climate goals. The EU Roadmap for moving to a competitive low-carbon economy in 2050 has set 

a target of -83 to -87% emission reductions in industry by 2050. Several analyses show that 

industry is unlikely to meet this target without a major change in the policy framework. This Issue 

Paper presents possible mitigation pathways for the EU28 that achieve an ambitious reduction in 

GHG emissions of more than 85% by 2050 compared to 1990 in the industrial sector. The 

transition scenarios contain mitigation options including higher energy efficiency, fuel switching to 

RES, CCS, power-to-heat, secondary energy carriers based on RES, innovative production 

technologies and new products, material efficiency, substitution and circular economy elements. 

Thus, the scope of mitigation options is very broad, particularly compared to other studies, which 

are often based on CCS for the industrial sector. The results show that RES and energy 

efficiency offer huge potentials for decarbonisation, but that additional measures are also 

necessary, such as changes in production structure resulting in new innovative technologies like 

renewable hydrogen-based direct reduction in the steel industry or low carbon cement types. 

These scenarios reflect a radical change to be achieved in less than 35 years. Even if many 

mitigation options are only implemented on a large scale after 2030, policies need to be in place 

soon to drive this transition. 

This Issue Paper describes selected assumptions, results and analyses carried out in the SET-

Nav project (Work Package 5: Case Study 5.3.). The modelling work will be described in more 

detail in the final Case Study Report. The models involved in Case Study 5.3. are FORECAST 

(demand side), Enertile, Empire, Ramona (supply side) and CCTS-Mod (CCS infrastructure). 
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1 Introduction:  

Industrial energy demand and CO2 emissions 

The industrial sector 1  accounts for about 25% of EU final energy demand and uses gas, 

electricity, coal, and oil as the dominant energy carriers (see Figure 1). This high share in final 

energy demand is mainly due to energy-intensive industries such as iron and steel or the 

chemical sector. Within these industries, specific energy-intensive products/processes (e.g. steel, 

cement, ammonia) are particularly relevant for the future achievement of European climate 

targets. Some sectors such as the paper industry already use a high share of electricity and 

biomass. In general, however, industry still needs to make substantial further efforts to reduce the 

use of fossil fuels in the next decades. 

Source: FORECAST 

Figure 1: EU 28 industrial final energy demand in TWh by subsector (2015) 

In the following, we distinguish three types of greenhouse gas (GHG) emissions sources:  

 Direct energy-related emissions from on-site fossil fuel combustion. 

 Direct process-related emissions from chemical reactions within the production 
process (process emissions). 

 Indirect emissions from the consumption of electricity and district heat. 

This article focuses on direct (energy and process) emissions in industry. In a future sustainable 

energy system, we assume that electricity is supplied by renewable sources and is therefore 

CO2-neutral. Reducing process emissions appears to be a particular challenge for the industrial 

sector, as these types of emissions can only be reduced by radical changes in the production 

process, product mix or by the use of carbon capture and storage (CCS) (see section 3 Mitigation 

options). 

                                                   

1 The definition of industry in this article follows final energy definitions and excludes the refinery sector as well as 
electricity onsite generation. 
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Source: FORECAST 

Figure 2: EU 28 industrial emissions in Mt CO2-eq. by subsector (2015)2 

With 31%, the non-metallic minerals sector is the biggest contributor of direct industrial CO2 

emissions (see Figure 2). It is dominated by the production of cement clinker, which emits about 

0.5 tonnes of process CO2 emissions per tonne of clinker produced. Other CO2-intensive 

products of the non-metallic minerals sector include lime, the calcination of dolomite/magnesite, 

glass, bricks and ceramics. The production of pig iron or steel in the iron and steel industry was 

responsible for around 30% of direct industrial CO2 emissions in 2015. The main emissions are 

from the (technically required) use of coal and coke in blast furnaces. In addition, chemical 

processes such as ammonia, ethylene or methanol production contribute to industrial emissions, 

making the chemical industry the third biggest emitter of direct CO2 emissions. 

In terms of end-uses, most industrial GHG emissions are from high-temperature process heat, 

either in the form of steam or hot water, or from the direct firing of various types of furnaces. 

These two end-uses have shares of 23% and 45% of total direct GHG emissions, respectively 

(see Figure 3). The high temperatures and the specific requirements of furnaces limit the use of 

renewable energies here to biomass or secondary energy carriers. Process-related emissions 

account for about 21% of all direct emissions. It is technically difficult or even impossible to 

mitigate them in the processes used at present. Finally, even the provision of space heating is 

responsible for 11% of GHG emissions, something that should not be overlooked when assessing 

industrial energy demand and CO2 emissions. 

                                                   

2 Energy-related emissions are linked to the definition of Eurostat's final energy balance (incl. coke ovens). 
Process-related emissions are calculated using a bottom-up approach for individual products. With this approach, 
emissions from coke and coal consumption for oxygen steel production are fully accounted for as energy-related 
emissions. 
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Source: FORECAST 

Figure 3: EU 28 industrial direct CO2 emissions by end-use and sub-sector (2015) 

The EU Roadmap for moving to a competitive low-carbon economy in 2050 (COM 2011) has set 

a target of reducing emissions in industry by -83 to -87% by 2050. The roadmap pathways feature 

carbon capture and storage (CCS) as an important mitigation option in industry. In the following, 

we assess potential transition pathways towards a low-carbon industry sector by including a 

broader variety of mitigation options. 

2 Defining scenarios: mitigation pathways for 

industry 

2.1 Characterization scenarios 

To identify and describe potential mitigation pathways up to 2050, we conducted a model-based 

analysis of the industrial sector using the European country-level bottom-up simulation model 

FORECAST. This model simulates the evolution of industrial energy demand and CO2 emissions 

with a high level of technological detail (e.g. simulation of 73 industrial processes and around 200 

different saving options). For details, see http://www.forecast-model.eu. The three different 

scenarios analysed are described below: 

 A Reference scenario (REF), which reflects the effects of current policies on the future 
energy system and serves as a benchmark to compare the more ambitious scenarios. 

 The Transition scenario including CCS in industry (TRANS-CCS) describes an industrial 
decarbonisation pathway aiming to reduce European industrial greenhouse gas 
emissions in 2050 using carbon capture and storage technologies.  

 The Transition scenario including innovative process technologies in industry (TRANS-

IPT) describes an industrial decarbonisation pathway aiming to reduce European 

630 Mt. 

CO2-eq. 
45% 

11 % 

21 % 

23 % 

http://www.forecast-model.eu/
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industrial greenhouse gas emissions in 2050 using innovative production technologies 

and new products but excluding CCS. 

Both transition scenarios depict a world with ambitious exploitation of energy efficiency measures 

and incremental process improvements (see Table 1). Any remaining energy efficiency potentials 

are almost completely exploited, which implies effective policies are in place to overcome the 

barriers to improved energy efficiency including energy management schemes, audits, minimum 

standards and a well-functioning energy services market. However, the main mitigation option in 

the TRANS-CCS scenario is the use of existing equipment in combination with carbon capture 

and storage technologies (CCS) while the TRANS-IPT scenario assumes a paradigm shift in 

industry allowing radical changes and completely new process technologies (e.g. low-carbon 

cement or renewable hydrogen-based direct reduced steel) to enter the market. 

Table 1: Scenario characterization by mitigation options 

Clusters of 

mitigation options 

 

REF 

 

TRANS-CCS 

 

TRANS-IPT 

Incremental 

efficiency 

improvement 

Energy efficiency progress 
according to current policy 
framework and historical 

trends. 

Faster diffusion of 
incremental process 

improvements  
(BAT & INNOV ≥TRL3 5). 

= TRANS-CCS 

Fundamental 

processes 

improvement 

energy efficiency, 

process emissions 

- - 
Radical process 
improvements 
(INNOV ≥TRL 5)  

Fuel switching to 

RES 

towards 

decarbonized 

electricity and/or 

hydrogen 

Fuel switching driven by 
energy prices and 

assumed CO2-price 
increase 

Financial support for  
RES technologies:  

Fuel switching to biomass 
and electricity (<500°). 

Use of existing 
equipment (no radical 
changes in industrial 

processes technologies). 

High financial support for 
RES technologies: 

Stronger fuel switching to 
biomass, power-to-heat 

and power-to-gas 
technologies compared to 

TRANS-CCS. 
Radical changes in 
industrial process 

technologies take place 
(e.g. switch to hydrogen). 

Carbon capture 

and storage (CCS) - 
CCS for major energy-
intensive point sources. 

-. 

Recycling and re-

use 

Slow increase in recycling 
rates based on historical 

trends. 

Stronger switch to 
secondary production 

(e.g. electric steel, 
secondary aluminium). 

= TRANS-CCS 

Material efficiency 

and substitution - 
Decrease in clinker factor. 

Increase in material 
efficiency & substitution. 

= TRANS-CCS. 

Source: Fraunhofer ISI 

For both transition scenarios, a CO2 price increase to 150 euros/t CO2 in 2050 is assumed. It is 

also assumed that companies can anticipate increasing prices ten years in advance, implying a 

stringent and well-communicated commitment to the EU ETS or even a CO2 floor price path. Both 

                                                   

3 Technology readiness level. 
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transition scenarios have higher electricity prices compared to the reference case, which are in 

line with the development of CO2 prices.  

The macroeconomic framework data as well as the wholesale fossil fuel prices (e.g. gross 

domestic product, gross value added, population, prices for coal, gas, and oil) are taken from the 

European Reference Scenario 2016 (Capros et al. 2016) and are the same across all scenarios. 

This assumption allows better comparability in the model-based analysis of changes in policy 

parameters and technology assumptions between scenarios. 

3 Mitigation options in industry 

The processes currently used to produce energy-intensive basic material products have been 

optimised over many decades. The remaining energy efficiency potentials due to applying the 

best available technology (BAT) are limited. For example, even the most efficient clinker furnace 

will not be able to reduce its energy demand by much more than 10% compared to today's 

average. In addition, fuel switching from fossil fuels like natural gas to renewable sources is 

limited due to the high temperature levels required in industrial furnaces and the competition for 

biomass with other sectors. Although incremental improvements of energy efficiency and fuel 

switching are important pillars of industrial decarbonisation pathways, these two options alone will 

not suffice to achieve a low-carbon industry sector by 2050. 

In the following, we discuss innovative production technologies (incremental and radical 

changes), CCS and downstream material efficiency strategies to extend the range of mitigation 

options. The main assumptions for the implementation of the technologies in the model are 

summarised below. 

3.1 Incremental changes in process technologies 

Incremental process improvements are assumed in both scenarios, TRANS-CCS and TRANS-IP. 

They can be used as add-on options to existing process equipment and imply only limited 

changes in the production process. They do not affect the resulting product. However, some 

technologies are classified in-between incremental and radical changes and might be included in 

both categories. 

One example for the steel industry is top gas recycling in which the CO2 is removed from the 

blast furnace's top gas by means of a separation system and useful components such as carbon 

and hydrogen are recovered. The reducing gas is fed back into the reactor, which reduces the 

coke rates compared to a conventional blast furnace. (EUROFER 2014; Pardo und Moya 2013) 

Another example for the steel industry is near-net-shape casting.  

Oxyfuel combustion can be used in the glass industry by burning the fuel with more oxygen 

instead of combustion air in the current furnace atmosphere. This leads to increased efficiency 

and reduced fuel consumption. Oxyfuel combustion requires smaller heat recovery systems and 

can reach higher temperatures without emitting NOx as a by-product. (British Glass 2014). Batch 

preheating is another option to reduce fuel demand in the glass and ceramics industry.  

Drying the paper web is the most important energy-consuming process in paper mills. This leads 

to a need for new drying technologies that use energy more efficient and consequently reduce 

CO2 emissions. Fleiter et al. (2012b) discussed such new drying techniques and examples 

include impulse drying or condensing belt drying. Other options in the paper industry include 

black liquor gasification and enzymatic pre-treatment.  
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Significant energy efficiency gains in aluminium production can be expected from the use of 

stable inert anodes in combination with stable wettable cathodes reducing energy consumption 

for electrolysis and anode manufacturing as well as CO2 emissions. (Moya et al. 2015). Magnetic 

billet heating - replacing fuel-fired furnaces by induction-melting furnaces and thereby electricity 

- is another option in the non-ferrous metals industry. 

3.2 Fundamental changes in process technologies 

Radical innovative process technologies are considered major mitigation option in the TRANS-

IPT scenario assuming market entry mainly in/after 2030. Depending on the sector and 

production process, the market entry and the maximum CO2 saving potential as well as the costs 

can differ significantly.  

In the iron and steel industry renewable hydrogen (RES H2) can be used for the direct 

reduction of crude steel. Hydrogen replaces the carbon from fossil fuels (coal and coke) in the 

metallurgical process, but at the same time, large quantities of electricity are needed for its 

production. (EUROFER 2017; Voestalpine AG et al. 2017; SSAB AB 2017). Consequently, direct 

reduced steel based on hydrogen will only lead to substantial CO2 savings if the needed 

electricity is produced from renewable energy sources. In the TRANS-IPT scenario, a complete 

substitution of the basic oxygen furnace route steel production via RES H2 direct reduced steel is 

assumed until 2050. 

In the cement industry, new binders based on alternative raw materials substituting limestone 

can significantly reduce CO2 emissions. Such new binders reduce both: process-related (less/no 

decarbonation) and energy-related emissions (lower process temperatures, lower demand for 

thermal energy) compared to conventional cement(-clinker) production. Different concepts with 

different technologies and materials are developed. Examples for new products/processes are 

Aether, Solidia, and Celitement. The following groups of new binders - defined according to their 

CO2 mitigation potential - are included in the scenario analysis: less carbon cement (-30%), low 

carbon cement (-50%), low carbon cement (-70%). In the TRANS-IPT scenario, low carbon 

cement sorts using new binders will substitute 50% of conventional ordinary Portland cement 

production until 2050. 

In the chemical industry, the use of renewable hydrogen (RES H2) is an innovative mitigation 

option to reduce CO2 emissions from the production of basic chemicals. In the illustrated cases 

for ammonia and methanol, large quantities of electricity are needed for hydrogen synthesis that 

substitutes the conventional fossil combustion reaction. (Dechema 2017). Consequently, - as it is 

the case for direct reduced steel based on hydrogen - these processes can only lead to 

substantial CO2 savings if the needed electricity is provided from renewable energy sources. The 

possible reduced need for feedstock cannot be depicted in the model system shown and is 

therefore not considered in the TRANS-IPT scenario. In the TRANS-IPT scenario, RES H2 for 

ammonia and methanol production will substitute conventional ammonia and methanol 

production up to 50% in 2050.  

In the glass industry, renewable electricity can be used instead of natural gas to reduce future 

CO2 emissions and increase thermal efficiency. The technology is already available on industrial 

scale but yet not wide spread (British Glass 2014; Cerame Unie 2013). Mostly smaller furnaces 

currently apply this process in which the conductivity of molten glass increases and allows the 

use of resistant heating (Fleiter et al. (2016b). The TRANS-IPT scenario assumes up to 50% 

increase of RES electrification in the glass industry in 2050.  
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3.3 Carbon capture and storage 

Carbon capture and storage is the major mitigation option considered in the TRANS-CCS 

scenario, which assumes its market entry in 2030. CCS is used for selected point sources (Figure 

4) that were identified based on the amount, intensity and purity of emissions. Depending on the 

sector and production process, different CO2 capture techniques are applied. They all have 

different advantages and disadvantages and vary in terms of technical maturity, as discussed in 

the following.  

 

Source: Fraunhofer ISI based on data from EU-ETS and EPRTR 

Figure 4: Industrial emission point sources for selected industries  
(kt CO2-eq. per annum; ETS-scope) 
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Due to the high process-related CO2 emissions for clinker burning, CCS is a highly discussed 

mitigation option in the cement sector, and alternative designs are feasible including post-

combustion capture, oxyfuel combustion with CO2 capture, pre-combustion and carbon looping. 

Post-combustion seems to be an option that could be implemented in the near future - a few 

pilot and demonstration plants already exist. The technical risk of this option is comparatively low, 

but it requires large amounts of heat. Oxyfuel combustion is another option that could be used 

to retrofit existing kilns, but it requires significant structural changes to the core units in the 

cement plant (Kuramochi et al. 2012). Options like oxyfuel combustion and carbon looping 

technologies are not yet mature and require more research and development. In the frame of the 

EU H2020 project LEILAC another CCS technology based on direct separation is developed for 

the lime industry having the advantage of not requiring large amounts of additional energy for the 

CO2 capture as a pure stream of process-related emissions from calcination is generated by 

separating it from fuel combustion. 

Various alternative production routes for substituting conventional integrated steelmaking are 

discussed in the iron and steel industry including add-on CO2 capture, process-integrated CO2 

capture and smelting reduction. There are two different ways to apply CO2 capture as an add-on 

technology to the blast furnace: either as direct capture from the BF gas (capture rate ~50%) or 

indirect capture after the conversion of CO to CO2, which yields higher capture rates. The top-

gas recycling blast furnace (ULCOS-BF, IGAR) is another possible option for process-

integrated CO2 capture. The technology is currently being tested in a pilot plant (Luleå, Sweden) 

and may be implemented in the medium-term as it can also be used for conventional blast 

furnace retrofits. Another possible option is the use of smelting reduction technologies in 

combination with CO2 capture technologies. The COREX, FINEX or HIsarna processes are 

examples for this option. In the HIsarna process, input carbon is fully oxidized resulting in high 

possible capture rates (~80%). The first two processes are already commercially available but 

have not yet become widespread in Europe; the HIsarna process is currently also in the pilot 

stage level (Ijmuiden, Netherlands) (Eurofer 2014; Eurofer 2017; Pardo u. Moya 2013, Kuramochi 

et al. 2012). Currently (launched in 2016), there is only one large-scale CCS project for the iron 

and steel industry (Mussafah, Abu Dhabi) (IEA 2017, Global CCS Institute). 

3.4 Material strategies 

The transition scenarios (TRANS-CC and TRANS-IPT) feature material efficiency improvements, 

product substitutions, trends to higher gross value added, re-use and trends to secondary 

production. In contrast, the reference scenario (REF) does not include material efficiency 

improvements or production substitutions at all and trends to higher gross value added and 

secondary production here are based on historical trends only. Secondary production routes 

comprise production based on recycled materials (e.g. recycled paper, electric arc furnace steel 

production or secondary aluminium production). The increase in secondary products is based on 

domestically available resources (e.g. domestic scrap availability). Net exports are assumed to 

remain on a similar level as today. The shift from oxygen steel to electric steel, for example, takes 

place faster in the TRANS scenarios and represents a more ambitious path in line with the 

maximum scrap availability (Herbst et al. 2014) compared to the reference case. 
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4 Results and implications of pathways 

4.1 The industry sector 

In the reference scenario, the direct (energy and process) emissions of the industry sector 

decrease from 630 to 560 Mt CO2-eq. between 2015 and 2050. This reflects a future 

development based on current policies and past trends and corresponds to a reduction of 70 Mt 

CO2-eq. or 11%. In both transition scenarios, TRANS-CCS and TRANS-IPT, industrial GHG 

emissions decrease by 70% between 2015 and 2050 (see Figure 5 'net emissions'). 

 

Source: FORECAST 

Figure 5: EU 28 industrial direct CO2 emissions by energy carrier and scenario (2015 - 2050)4 

Industrial direct emissions can be split into direct energy-related CO2 emissions and direct 

process-related CO2 emissions. Abatement of process-related emissions is much more difficult 

than in the case of energy-related emissions and can be accomplished by the use of CCS as 

shown in the TRANS-CCS scenario. However, carbon capture and storage is a highly 

controversial subject and social acceptance issues and the distribution of costs (infrastructure, 

transport and storage) may hinder its future large-scale implementation. TRANS-IPT is an 

alternative scenario without the use of CCS in industry, where radical process improvements also 

lead to significant reductions in process- and energy-related emissions. However, this scenario 

                                                   

4 Energy-related emissions are linked to the definition of Eurostat's final energy balance (incl. coke ovens). 
Process-related emissions are calculated using a bottom-up approach for individual products. With this approach, 
emissions from coke and coal consumption for oxygen steel production are fully accounted for as energy-related 
emissions. 
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also results in a higher demand for secondary energy carriers like electricity and hydrogen and 

depends on the successful market introduction of as yet unproven technologies. 

 

Source: FORECAST 

Figure 6: EU 28 industrial direct CO2 emissions by subsector and scenario (2015 - 2050) 

In the TRANS-IPT scenario, emissions from the iron and steel industry are reduced by almost 

90% in 2050 compared to 2015 by replacing oxygen steel with electric steel and substituting the 

remaining blast furnace route with renewable-hydrogen-based steel (see Figure 6). This sector 

experiences a noticeable decrease in CO2 emissions in the TRANS-CCS scenario as well, driven 

by the replacement of oxygen steel with electric steel. Conventional cement production is partly 

substituted in the TRANS-IPT scenario by innovative types of cement using new binders and 

reducing the specific energy- and process-related cement emissions by between -30 and -70%. 

Additional potentials in the non-metallic minerals sector are tapped using electric melting 

processes in the glass industry as well as incremental process improvements (e.g. oxyfuel 

combustion incl. waste heat recovery) and fuel switching. Overall, the direct emission reductions 

in the non-metallic minerals sector amount to -54% in 2050 compared to 2015.  
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Source: FORECAST 

Figure 7: EU 28 final energy demand by energy carrier and scenario (2015 - 2050)5 

In general, renewable energies substitute a large part of industry’s demand for natural gas in the 

TRANS-IPT scenario and coal and oil are replaced almost completely (see Figure 7) - 

particularly in the areas of fuel demand for low-temperature heat and the use of waste heat in 

combination with heat pumps.  

Electricity demand in the EU 28 is more or less constant in the reference case. Two contrary 

trends can be observed in the transition scenarios:  

 First, the conventional demand for electricity decreases due to integrated process 

improvements (energy efficiency) and fuel switching to alternative renewable energy 

sources like biomass. The use of biomass nearly doubles in 2050 compared to 2015 in 

the TRANS-CCS scenario (464 TWh in 2050). In the TRANS-IPT scenario, the increase 

is even more pronounced: +166% to 658 TWh in 2050.  

This indicates that electricity - facing increasing prices - in the policy scenarios is not yet 

competitive compared to biomass and depends strongly on the regulatory framework. 

This development can be seen in the TRANS-CCS scenario, where the total demand for 

electricity falls, despite the replacement of oxygen steel production by electric steel - 

which implies an additional electricity demand (+14.6 TWh in TRANS-CCS and TRANS-

IPT). 

                                                   

5 Electricity demand in TRANS-IPT includes on-site generation of hydrogen for steel and ammonia production. 
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 Second, large volumes of renewable electricity will be necessary due to electrification 

measures (e.g. electric melting processes) and (onsite) hydrogen production for industrial 

uses, e.g. 98 TWh for hydrogen-based ammonia synthesis in 2050 or 211 TWh for direct 

reduced steel via RES-H2 in 2050 in the TRANS-IPT scenario. 

4.2 The power sector 

In the future energy system, increasing shares of volatile renewable energy sources will make 

"integrated energy" or "sector coupling" necessary. Consequently, it will be essential to match 

demand and supply more closely and flexible technologies will be required to balance the 

different types of fluctuations. We conducted a model-based analysis using the energy system 

models ENERTILE® and EMPIRE to identify and describe the flexibility potentials available in 

industry. For more details, see https://www.enertile.eu and Skar et al. (2016). 

Demand-side management (DSM) can fulfil the need for responsive electricity demand (DR 

demand response) but leaves the question open how this increased responsiveness affects the 

electricity systems, e.g. by allowing a better integration of renewable energy or by decreasing the 

costs thereof. For the industry sector, load shedding is an important downward flexibility option, 

where industrial plants are "switched off" at system peak demand. Electric arc furnaces for steel 

production or electrolysis in the chemical and aluminium industry are examples of processes that 

could provide downward flexibility. 

The potential for industrial load shedding can be described using three country-specific 

parameters:  

1. Capacity available for load shedding: 

Both the annual demand and the potential for load shifting have been identified for 

several processes. It is assumed that, for load shedding, only half of the capacity is 

available for the respective measures. Table 2 shows selected processes and their load 

shedding potential.  

2. Hours available for load shedding: 

It is assumed that the corresponding procedures for load shedding are not available for 

more than 50 hours per year. 

3. Willingness to participate: 

It is assumed that the companies are only willing to take part in such measures if they 

are adequately compensated. Therefore, the variable costs for utilizing the potential 

have been set to 150-200 €/MWh (depending on the model used). 

  

https://www.enertile.eu/


Issue paper on case study 5.2 - energy demand and supply in 

buildings  

 

 

Table 2: Model assumptions on industry applications available for load shedding based on the 
example of Germany for the year 2030 

Process Annual demand 

2030 [GW] 

Maximum load 

shedding 2030 [MW] 

Aluminium electrolysis 5,215 240 

Wood pulp process 2,052 138 

Recycled paper fibre 4,252 277 

Electric steel - EAF 9,976 270 

Chlorine, membrane 13,899 314 

Cement grinding 1,388 65 

Source: ENERTILE® 

On a European level, both models show only a moderate uptake of flexibility/load shedding in 

industry over the modelling horizon. In 2050, the potential for load shedding is hardly utilized at 

all, only 4 percent of the overall potential in the TRANS-IPT scenario calculated by Enertile (15.4 

GWh out of 433 GWh). The Empire model shows similar results with 17GW of total flexible loads 

in Europe in 2050 (see Figure 8; reference caseFehler! Verweisquelle konnte nicht gefunden 

werden.). 

 
Source: EMPIRE 

Figure 8: Flexible capacity evolution by sector  

This raises the question of why load shedding is not used more often as a flexibility option. The 

results indicate that, although the impact on actual power generation is relatively small, the 

impact of load shedding on power plant capacities can be substantial if other flexibility options are 

limited or exhausted. Therefore, the model results suggest that enabling industry load shedding 

could reduce costs substantially in the power sector.  

However, it is important to note that this only applies if other flexibility options are limited (e.g. no 

additional flexibility provided by the electricity grid or storages) because incorporating other 

flexibility options can reduce the value of industrial load shedding. 

Due to their high operating costs, flexible industrial loads are only cost-effective during weeks 

with high net load variability (or high renewables fluctuations). This is shown in Figure 9, where 

upward and downward regulation only take place in situations with high simultaneous peaks of 
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solar or wind. However, even then, industrial flexible loads are ousted by cheaper flexibility 

options provided by other end-consumers if available. 

Summing up:  

On the one hand, load shedding applications used as industrial flexibility options have the 

advantage that they can be activated within seconds up to a few minutes. This means they are 

more flexible than conventional power plants that need several minutes or more to change 

operational mode. On the other hand, they can provide flexibility only for a very limited time span 

and have high activation costs. This suggests that the use of other downward flexibility options 

(conventional power plants, electricity grid, and other end-use sectors) is more attractive. 

Nevertheless, in situations where other flexibility options are limited or where there is an 

immediate demand for flexibility, large-scale load shedding in industry could be attractive. 

(Michaelis et al. 2017). 

 

Source: EMPIRE 

Figure 9: One week hourly load (top) and renewables generation (bottom) with flexible industry 
(Germany in 2050). 

-15

-10

-5

0

5

10

15

1 6

1
1

1
6

2
1

2
6

3
1

3
6

4
1

4
6

5
1

5
6

6
1

6
6

7
1

7
6

8
1

8
6

9
1

9
6

1
0
1

1
0
6

1
1
1

1
1
6

1
2
1

1
2
6

1
3
1

1
3
6

1
4
1

1
4
6

1
5
1

1
5
6

1
6
1

1
6
6

1
7
1

GW

HOURS

Industry Upward Downward

0

20

40

60

80

100

120

1 6

1
1

1
6

2
1

2
6

3
1

3
6

4
1

4
6

5
1

5
6

6
1

6
6

7
1

7
6

8
1

8
6

9
1

9
6

1
0
1

1
0
6

1
1
1

1
1
6

1
2
1

1
2
6

1
3
1

1
3
6

1
4
1

1
4
6

1
5
1

1
5
6

1
6
1

1
6
6

1
7
1

GW

HOURS

Wind onshore Wind offshore Solar PV



Issue paper on case study 5.2 - energy demand and supply in 

buildings  

 

 

5 Conclusions and policy recommendations 

Today's policies are not on the right track towards decarbonisation, although a slow but 

continuous decrease of industrial CO2 emissions is expected in the EU28 up to 2030 and 2050. 

The two transition scenarios analysed here show that industry can reduce its CO2 emissions 

more drastically, achieving a 70% reduction compared to 2015.  

The following main conclusions can be drawn with regard to the contribution of mitigation options 

and the resulting transition pathways: 

 Deep emission cuts require substantial changes in the iron and steel, cement and 

chemicals industries, but also support for RES and energy efficiency in other sectors and 

companies. 

 Biomass is the most important RES in industry, particularly in the medium term. However, 

biomass resource potentials and their sustainability are limited. In particular, it is 

important to consider potential new users of biomass in the future, e.g. heavy-duty 

transport, aviation, industry feedstock and other material production and substitution. 

 In the long-term, RES-based electricity (power-to-heat) can play a more important role, 

particularly if electricity generation has very low emission levels. However, electricity is 

not yet competitive with biomass even in the most ambitious transition policy scenario 

under the policy definitions taken and the assumed development of energy prices. 

Replacing biomass by electricity would require policies that are more specific. 

 Improved material efficiency and the circular economy have a huge mitigation potential. 

However, it is still unclear what an effective policy mix would look like and this probably 

encompasses a wide range of individual measures.  

The scenarios envisage radical changes to industrial production systems like CCS, innovative 

processes and large-scale power-to-heat for steam generation mainly in the time horizon after 

2030. Before 2030, energy efficiency improvements combined with fuel switching to biomass and 

progress towards a circular economy are the main mitigation options that drive CO2 emissions 

downward. However, in order to have new process technologies and innovations ready by 2030, 

substantial research, development and innovation activities need to take place in the coming 

decade. Pilot and demonstration plants need to be built to prepare for market introduction. It 

might easily take 10 years for new processes in the materials industry to progress from lab-scale 

to market. Certification processes such as those needed for new cement types can prolong the 

time taken even more. 

Consequently, the current policy mix needs to be adjusted in order to effectively support R&D 

activities directed at the decarbonisation of industrial production. This includes the following 

elements: 

 EU Emissions Trading Scheme (ETS): At the current level of certificate prices (EUAs) of 

around 5-10 euros per tonne of CO2, the ETS is not effective in reducing industrial 

emissions. For investments in low-carbon technologies, companies' expectations of future 

prices are even more important than the current price levels. If companies cannot rely on 

rising EUA prices, they will not invest in CO2 abatement technologies. Extending the ETS 

with a minimum price path (i.e. a floor price) that increases by a defined annual rate could 

provide more long-term clarity and the certainty needed for investors in low-carbon 

innovations. The UK already introduced a carbon price floor in 2013. In the long term and 

with high CO2 prices, it might be necessary to introduce a mechanism that mitigates the 

negative impact on companies' international competitiveness. 
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 In the context of a highly uncertain environment and large potential investments, public 

RD&I funding can play an important role in accelerating the market introduction of 

innovative low-carbon processes. The current proposal of the European Commission to 

establish an EU Innovation Fund as a follow-up to the ongoing NER300 programme is an 

important step in this direction. The Innovation Fund will not only target renewable energy 

and CCS projects, but also innovations to decarbonise industrial production.  

 In addition, targeted public procurement can support the market introduction of low-

carbon products by establishing niche markets. For example, considering life-cycle CO2 

emissions when procuring building materials might encourage the cement industry to 

develop and provide more low-carbon alternatives.  

 Although a major share of industrial GHG emissions is covered under the EU ETS 

emissions cap, a high amount of industrial CO2 emissions remains outside the ETS and 

thus does not receive a CO2 price signal. These companies currently have no incentive to 

switch to renewable or low-carbon fuels for heat generation. A CO2 tax as the central 

element of a broader energy tax reform could provide the incentives needed for fuel 

switching. This must avoid any double burden on companies inside the ETS. Many 

European countries have experience with and can provide lessons learned for the 

introduction of a CO2 tax. For example, the fossil fuel taxation in Denmark is one of the 

main reasons why large solar thermal district heating is competitive there. The 

introduction of a carbon tax in Sweden in 1991 led to a significant change in the energy 

sources used in district heating (Steinbach et al. 2011). CO2 taxes vary heavily by country 

in terms of scope and level. The CO2 prices in Europe range from 26 € (Denmark), ~30 € 

(UK and France), 65 € (Finland), 90 € (Switzerland) up to 125 € (Sweden). Note that all 

tax schemes vary in terms of scope and exemptions (often for industrial companies). 

 Boosting material efficiency and a circular economy approach along the value chain 

requires a broad policy mix. Examples of individual policies include: 

 Re-evaluation of value added tax according to the carbon-footprint of products 

and a lower value added tax for repair services. 

 Reform the EU ETS to keep CO2 price signals along the value chain visible for 

downstream consumers and companies. 

 Evaluate building codes and the regulative framework in the construction industry 

to facilitate the use of sustainable building products and the efficient use of 

materials. 

 Sector-specific measures to increase recycling rates where these are still very low 

like in plastics or concrete. 

 Implementing policies to overcome barriers to energy efficiency (energy management 

schemes, audits, soft loans, and energy service market) is a prerequisite for other (price-

based) policies to work effectively as well. On the EU level, the Energy Efficiency 

Directive already provides important incentives by requiring regular energy audits for 

large enterprises, asking for national measures to support audits in small companies and 

setting up national energy efficiency obligation schemes. Some countries go beyond the 

Directive and implement additional measures. For instance, in Germany, companies 

receive tax discounts for using a certified energy management system, which has led to a 

drastic increase in ISO 50001 certifications here. Further, the country supports so-called 

learning energy efficiency networks. Both measures could be used as a blueprint for EU 

initiatives. 

 Energy-intensive industries can also help other sectors to decarbonise, e.g. by providing 

excess heat to nearby district heating networks. While large potentials are available 

here throughout Europe, various barriers are preventing its uptake. Policies can support 
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the uptake by e.g. hedging high risks in individual projects, engaging top management by 

offering adequate incentives, regulating excess heat release in national immission control 

acts, strengthening local heat planning and providing investment grants. 

 Enabling industry load shedding could substantially reduce costs in the power sector, 

but activation costs are high and the possible time-span of use is limited. If industrial load 

shedding should be used to a larger extent, additional incentives will be necessary to 

make this competitive with cheaper flexibility options. 
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