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Abstract (English) 

Currently Germany is failing to reach its set emission targets. To achieve the envisioned car-

bon neutrality until 2050 fundamental changes will have to be implemented in all productive 

and non-productive sectors in the coming decades. Especially the transformation of the indus-

try is of interest, as Germany’s economy relies heavily on the large industrial sector. This 

paper focusses on the transition of the two largest industrial sectors, the chemical and steel 

industry.  

 

The needed emission reduction in the industries will be mainly enabled by the implementation 

of innovative decarbonization technologies. Based on a thorough analysis of the develop-

ments of the technological and economic characteristics of the current production technolo-

gies and alternative decarbonized production technologies, this paper proposes detailed tech-

nology roadmaps for the decarbonization of the two industries until 2050.  

 

For developing the roadmaps two scenarios are defined: An economic potential scenario 

which aims at minimum cost of the transition and a technological potential scenario which aims 

at maximum emission reduction. In addition to the costs and emissions of the decarbonization 

technologies, the pathways of the industry transformation are defined by the reinvestment 

cycles of the existent production facilities and the market entry points of decarbonization tech-

nologies.  

 

The analysis of the modelled decarbonization pathways shows that the envisioned emission 

reduction target cannot be achieved based on the assessed decarbonization technologies, as 

either their remaining emissions are not low enough or their use is limited by external factors. 

The most promising technologies to achieve full decarbonization are based on hydrogen. The 

maximum achievable emission reduction is 84%, the economic potential scenario achieves 

only 75%.  

 

A sensitivity analysis of the emission reduction in the economic potential scenario against 

financial incentives shows a limited and sometimes even negative impact of external price 

reductions. The strongest positive effect is achieved by an increase of the price rise of CO2 

price with a final price in 2050 in the range of 140 to 300 EUR/tCO2. 

 

Concerning the production cost the assessment reveals that, assuming a CO2 prices of 200 

EUR/tCO2 in 2050, the production cost of most decarbonization technologies already drops 

below the cost of the current production technologies after 2030. This allows the general con-

clusion that the transition to a low carbon production will be profitable.  
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Abstract (Svenska) 

För närvarande klarar inte Tyskland av att nå sina uppsatta utsläppsmål. För att uppnå den 

planerade koldioxidneutraliteten fram till 2050 måste grundläggande förändringar genomföras 

både i den produktiva sektorn och icke produktiva sektorn under de kommande decennierna. 

Speciellt transformationen av industri är av intresse, eftersom Tysklands ekonomi är starkt 

beroende av dess starka industrisektor. Detta arbetet fokuserar på hur övergången till 

koldioxidneutralitet kan se ut för dem två största industrisektorerna; kemi- och stålindustrin. 

 

Den nödvändiga utsläppsminskningen i branscherna kommer främst att möjliggöras genom 

implementering av innovativa lav- eller nollutsläpps teknologier. Baserat på en grundlig 

utredning av utvecklingen av de tekniska och ekonomiska egenskaperna för den nuvarande 

produktionsteknologin och alternativa avkarboniserade produktionsteknologier, så framställs i 

detta arbetet detaljerade teknologiska färdplaner för avkarbonisering av de två industrierna 

fram till 2050. 

 

För att utveckla färdplanerna definieras två scenarier: Ett scenario byggt på ekonomisk 

potential med syfte att visa en minsta kostnad för övergången och ett scenario som bygger på 

den teknologiska potentialen att nå maximal utsläppsminskning. Förutom kostnaderna och 

utsläppen för avkarboniseringsteknologierna, definieras vägarna för industriomvandlingen av 

återinvesteringscyklerna för de befintliga produktionsanläggningarna och inträdespunkter för 

avkarboniseringsteknologier i marknaden. 

 

Analysen av de modellerade avkarboniseringsvägarna visar att det planerade 

utsläppsminskningsmålet kan inte uppnås baserat på de studerade avkarboniserings-

teknikerna, eftersom deras återstående utsläpp inte är tillräckligt låga eller deras användning 

begränsas av externa faktorer. Dem mest lovande teknikerna för att uppnå fullständig 

avkarbonisering är baserad på väte. Den maximala möjliga utsläppsminskningen är 84%, 

medans scenariot som visar ekonomiska potentialen uppnår endast 75% reduktion i utsläpp. 

 

En känslighetsanalys av utsläppsminskningen i det ekonomiska potentiella scenariot mot 

finansiella incitament visar en begränsad och ibland till och med negativ inverkan av externa 

prisreduktioner. Den starkaste positiva effekten uppnås genom en ökning av CO2 avgiften 

med en prisnivå i 2050 i intervallet 140 till 300 EUR / tCO2. 

 

Vid att se närmare på produktionskostnaderna med ett satt CO2-pris till 200 EUR / tCO2 i 2050 

visar det att kostnaderna för de flesta avkarboniseringsteknologier sjunker under kostnaden 

för dem existerande produktionsteknologierna redan i 2030. Detta underbygger slutsatsen att 

övergången till produktionsmetoder med låga växthusgasutsläpp kommer att vara lönsam.  
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1 Introduction 

Germany is currently failing to reach its greenhouse gas (GHG) emission targets. In a recent 

progress report on climate action by the German federal environment ministry it was fore-

casted that the goal of reaching a reduction in annual GHG emission by -40% in 2020 in com-

parison to 1990 will be missed by 8% (BMU, 2018). To compensate for the inadequacy of 

present mitigation measures and put Germany back on track to reach its emission targets 

efforts will have to be increased significantly in all sectors. In Germany, the industrial sector 

has a higher importance than in other comparable economies (VCI, 2017). About a fifth of the 

German gross value added is created in this sector. Therefore, it is of high interest to study 

the course of action in this area. This paper focuses on decarbonization technologies in the 

German chemical and steel industry.  

 

The results published in this paper are part of a superordinate project commissioned by the 

German Federal Ministry for Economic Affairs and Energy which aims to analyse the energy 

transition in the German industry in order to derive legislative needs. The project is led by the 

company Navigant, with other partners being the University of Stuttgart (Institute of Energy 

Economics and Rational Energy Use), the “Forschungsgesellschaft für Energiewirtschaft” and 

the solicitor's office BBG und Partner. The subordinate project which yielded the results for 

this paper aims at deriving detailed, realistic and actionable transition pathways for eight Ger-

man industry branches. The differentiating factor in comparison to other roadmap studies is 

the level of detail with regards to the technological and economic data as well as a clear polit-

ical roadmap, which supports the realisation of the transition pathways. 

2 Motivation 

2.1 Sectoral Emissions 

The industrial sector in Germany has the second largest emissions of all sectors. When taking 

a closer look at the industrial sector by assessing the shares of the different industry branches 

in the European emissions trading system (EU ETS) which covers about 65% of the emissions 

of the industry, it can be seen that the steel and the chemical industry are the largest emitters 

in the industrial sector and together cover 65% of the traded emissions. It is for this reason 

that the paper will focus on the German chemical and steel industry.  

 

 
Figure 1: GHG emissions by sector in 2015 (Umwelt-
bundesamt, 2019a) 

 
Figure 2: Traded emissions by industry branches in 
2015 (Deutsche Emissionshandelsstelle, 2016)  
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2.2 Sectoral Emission Targets 

Considering the emission reduction targets, the chemical and steel industry are facing a diffi-

cult challenge. In 2016, in light of the Paris Agreement and the EU emission targets the Ger-

man government has adopted the so called “Climate Action Plan 2050” which sets emission 

reduction targets of 55% by 2030 and 80% to 95% by 2050 in comparison to 1990 (BMU, 

2016).  

Reaching these emission targets will be especially challenging for the chemical and steel in-

dustry as they are heavily dependent on fossil fuels. In 2017 about 66% of the final energy 

used in the chemical industry was directly based on fossil fuels, the rest coming from electrical 

energy (VCI, 2019a). The steel industry is even more dependent on fossil fuels with over 90% 

of the final energy consumption in steel production coming from fossil fuels and only 10% from 

electricity (Wirtschaftsvereinigung Stahl, 2017), (FfE GmbH, 2018).  

Despite this intensive use of fossil fuels the two industry branches have achieved a significant 

reduction in their GHG emissions since 1990. The chemical industry reached an emission 

reduction of 32% by 2015 (VCI, 2018a). In the same period the steel industry achieved a 

reduction of roughly 21% (Wirtschaftsvereinigung Stahl, 2016). These reductions were real-

ized through incremental process changes and efficiency measures. There were no profound 

changes in the production processes. However, to achieve the envisioned reduction of up to 

95%, gradual process development and efficiency gains will not be enough, as the current 

processes will eventually meet their maximum efficiency levels. Figure 3 quantifies the reduc-

tions in emission which must be achieved until 2050. For the examined industrial sectors this 

implies that emissions have to be cut down to less than a tenth of today’s emissions. This 

demands a fundamental change of the production technologies and processes as well as a 

radical shift away from fossil fuel dependent technologies.  

 
Figure 3: Past and future target emission reductions of chemical and steel Industry, (VCI, 2018a), (Statista, 2013); 
(Umweltbundesamt, 2019b), and own calculations 
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3 Aim and Scope of the Study 

The prior chapters illustrated the importance and the challenge of decarbonizing the chemical 

and the steel industry. This fundamental transition will largely be enabled by process changes 

and the introduction of innovative technologies (in this paper summarized as decarbonization 

technologies). Existent roadmaps have so far lacked detail on the technological and econom-

ical characteristics of decarbonization technologies as well as on the potential course of their 

implementation. Therefore, it is the aim of this paper to firstly help better understand which 

technologies are best suited to develop a low carbon production in the chemical and steel 

industry, and secondly to help identify at which moment they should and can be introduced. 

The main criteria for these decisions are: Minimum cost, maximum emission reduction, the 

availability of the decarbonization technology and the possibility to invest without creating 

stranded assets. Finally, this study tries to answer the question whether a reduction in emis-

sions by 95% is possible. For achieving these aims, the study covers the following scope: 

 

1. Identification and description of the most energy and emission intensive production 

processes in the chemical and steel industry. 

a. Chemical Industry: Primary production: High value chemicals (HVC), Ammo-

nia, Chlorine 

b. Steel Industry: Crude steel production 

2. Identification of relevant decarbonization technologies for these production processes 

and subsequent quantification of relevant parameters of the decarbonization technol-

ogies including the technology readiness level, the energy and feedstock demand, 

emissions and costs and their developments until 2050. 

3. Modelling of the implementation of decarbonization technologies (decarbonization 

pathways) under different scenarios and calculation of the resulting energy demand, 

CO2 emissions and cost for the entire modelling period taking into account constraints 

set by reinvestment cycles of the existent plants and the market readiness of decar-

bonization technologies 

4. Sensitivity analysis of key parameters and assumptions influencing the pathways and 

resulting parameters 

 

To reduce complexity and increase accuracy the following is out of scope for this study: 

 

1. Energy demand, CO2 emissions and costs of non-productive processes and less en-

ergy intensive production processes in the chemical and steel industry. 

2. Detailed modelling of incremental efficiency measures and process optimizations. 

4 Concept and Methodology 

4.1 Model Building 

4.1.1 Model Setting 

The model covers a time scope from 2015 to 2050 and the time resolution is 1 year. The 

geographical boundary for the model is Germany and the focus of the model is on the chemical 

and steel industry. These industry sectors will be represented by their main energy intensive 

production processes (presented in chapter 5 and discussed in detail in Annex chapters A 5.2 

and A 6.2). The model outputs of these sectors are based on a bottom-up approach. The 

power sector, other energy consuming sectors, and the remaining industrial sectors are not 

included in the model. However, their influence on the modelled industries is covered by the 

assumptions for the model environment. 
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4.1.2 System Boundary 

As the study focusses on the application of decarbonization technologies to the basic produc-

tive processes of chemical and steel industry and their energetic, economic, and ecologic 

assessment, the system boundary encloses only the manufacturing phase of the life cycle 

stages of the examined products. The resulting system boundary is depicted in Figure 4. 

 
Figure 4: General system boundary 

This approach implies that only feedstock, energy carriers, and recycled materials directly 

used for the production process are considered as input in the analysis. The outputs are the 

desired products and the CO2 emissions. Other outputs such as waste and pollutants are not 

considered in the assessment. Consequently, the inputs and outputs do not represent an 

equilibrated mass or energy balance. 

4.1.3 Emission Accounting 

The CO2 emissions of the investigated production processes are assessed according to the 

system boundary shown in Figure 5. The CO2 balance of the products includes the following 

emissions: 

• Scope 1: Emissions directly emitted during the production as combustion or pro-
cess emissions 

• Scope 2: Emissions related to the generation of electricity used in the processes 

• Scope 3: Emissions created or sequestered upstream during the production 
phase of the energy carriers and the feedstock 
 

The upstream emissions (scope 3) of the inputs for the products are, thus, attributed to the 

production process. However, the scope 3 downstream emissions that are created during the 

use and the disposal phase of the products are excluded from the emission balance because 

they strongly differ depending on the various use cases of the products.  

The emission accounting scheme used allocates emissions of purchased and self-produced 

electricity to the production process. This is a different methodology than the one officially 

used by the German government to set the emission targets. In the respective scheme, emis-

sions of purchased electricity are attributed to the energy sector because they are emitted 

there. This methodology is called „source principle“ (BMU, 2016). As this scheme does not 

fairly account for the responsibility of emissions, it is not applied in this study. The impact of 

the applied method on the results is examined in chapter 0. 
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Figure 5: Emission accounting system boundary 

4.1.4 Model Environment 

Having defined the system boundary and the emission accounting scheme, the influencing 

factors of the model environment which have an impact on the system behaviour and outputs 

need to be identified and defined. The following parameters of the model environment are 

included in the analysis:  

 

Age structure of the existent production plants 

To propose a realistic and applicable transformation pathway for the investigated production 

processes, it is important to study the age structure of the existent production plants in order 

to understand when the plants will be replaced i.e. when there is a window of opportunity for 

investments in decarbonization technologies. This approach accommodates the fact that pri-

vate industry will not invest in new plants until the existent ones have paid off or reached the 

end of their technical lifetime. Through applying this method stranded assets are avoided and 

a maximum exploitation of the infrastructure is achieved. For the specific investment sched-

ules see Figure 59, Figure 62, Figure 64, and Figure 68.  

 

Technology Readiness Level (TRL) of decarbonization technologies 

In addition to considering the investment cycles, the TRL of the decarbonization technologies 

needs to be taken into account. The TRL can be used as an indicator for when the decarbon-

ization technologies enter the market. An overview of the market entry points is given in Figure 

30. 

 

Development of the production volume 

The production volume of the production processes determines the overall energy and feed-

stock demand as well as the emissions of the processes. Additionally, the development of the 

production volume influences, next to the reinvestment cycles of the existent plants, how much 

production capacity is added or phased out during the modelling period. The forecasted de-

velopment of the overall production volume of the different production processes is given in 

Annex chapter A 1.2. 
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Discount rate 

In this study the discount rate is used to calculate and compare the present cost (see equation 

(3) and (4)) of the technological alternatives. The discount rate is based on numerous factors, 

among them the interest rate for loans, the risk of the investment and the lifetime of the invest-

ment. For the study a general discount rate of 10% is assumed (expert opinion). The model 

results will be tested against the sensitivity to the discount rate (see chapter 7.1). 

 

Price developments of inputs and CO2 certificates 

The production cost is strongly influenced by the prices of the energy and non-energy inputs 

of the process as well as the CO2 prices. The prices are dynamic and expected to change 

significantly during the modelled period. A detailed list of the forecasted price developments 

of the energy and non-energy inputs can be found in Annex chapter A 9. The assumptions for 

development of the CO2 price are explained in Annex chapter A 1.3. The effect of the CO2 

price on the model results is analysed in chapter 7.1. 

 

Emission intensity of power system 

Most of the technologies assessed in this paper use electricity. Therefore, it is important for 

the emission balance of the technologies to consider the emission intensity of the power sys-

tem. The development assumed in this study is based on a forecast developed in the latest 

study of German Energy Agency (DENA). For details see Annex chapter A 1.4. 

 

Links between sectors and processes 

Some of the modelled technologies export energy carriers like hydrogen, methanol or ethanol 

which other technologies use as inputs. It is assumed that these potential links are realized 

and reduce the external demand for these energy sources. The same is true for captured 

emissions. If emissions are captured in one of the processes, they become available for utili-

zation in other processes without additional energy needs for capture and compression. This 

logic is illustrated in Figure 6. 

 

 
 

Figure 6: Linkages between different processes and sectors 

Availability of relevant resources  

The modelled sectors are embedded in an energy and environmental system which has nat-

ural and technical limits. The modelled sectors are interconnected with other sectors and must 

not be analysed without taking into account the use of natural resources in the other sectors. 
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The demand in the other sectors creates constraints for the modelled sectors concerning the 

availability of electricity, biomass and CO2-storage capacity. The assumed limits are provided 

Annex chapter A 1.1. An assessment of the model results concerning these limits is carried 

out in Annex chapter A 4.2. 

 

4.2 Calculation Methodology 

This chapter presents the calculation methodology for deriving the model outputs. The final 

model outputs are the absolute and specific emissions, the absolute and specific energy and 

feedstock demands, as well as the absolute and specific costs of the overall production of 

examined products in Germany based on the mix of production technologies for every product 

in each year of the modelled period. Following the bottom up approach, the inputs for the 

calculations are the specific technical (specific energy and feedstock demand, specific emis-

sions) and economic characteristics (specific cost) of the single production technologies 

(pTechnology i). All input values are based on the functional unit of 1 tonne of product. The sum 

of the specific parameters of the single technologies multiplied by their particular diffusion level 

(DLTechnology i,Product n, defined in chapter 4.3) in the overall production mix equals the specific 

energy and feedstock demand, emission, and cost of the overall production (pMix,Product n). 

The specific value multiplied by the overall production (TPProduct n) yields the absolute demand, 

emission and cost of the production (AProduct n). The described methodology is formulated in 

equations (1) and (2): 

 

 pMix,Product n
Cost,Demand,Emission =∑ DLTechnology i,Product n ∗ pTechnology i

Cost,Demand,Emission 
i

 (1) 

 AProduct n
Cost,Demand,Emission = pMix,Product n

Cost,Demand,Emission ∗ TPProduct n (2) 

 

Where: 
 

  

pMix,Product n
Cost,Demand,Emission = 

is specific energy and feedstock demand, emission, and cost of the overall production of 
product n [EUR/t_product or GJ/t_product or t_Feedstock/t_product or t_CO2/t_product] 

DLTechnology i,Product n = is the diffusion level of technology i in the production of product n [%] 

pTechnology i
Cost,Demand,Emission = 

is the specific energy and feedstock demand, emission, and cost of the single technol-
ogy i [EUR/_product or GJ/t_product or t_feedstock/t_product or t_CO2/t_product] 

AProduct n
Cost,Demand,Emission = 

is the overall energy and feedstock demand, emission, and cost of the product n  
[EUR/year or GJ/year or t_feedstock/year or t_CO2/year] 

TPProduct n = is the overall production output of product n [t/year] 

 

4.2.1 Emission Balance  

The calculation of the specific technology emissions of each production technology is based 

on the emission accounting scheme defined in chapter 4.1.3. Figure 7 illustrates the relation-

ship between the specific technology emissions, the demand of energy and feedstock, and 

the corresponding emission factors (EF) which are used to calculate the specific emission 

balance. A list of all emission factors used for the model can be found in the Annex chapter A 

8. 



 

21 
 

 
Figure 7: Overview of parameters used to evaluate the emission balance, traded emissions are marked in green 

For the scope 1 emissions from fuel consumption, the consumption of energy carriers is mul-

tiplied with the corresponding direct emission factors. For biofuels the direct emission factors 

are assumed to be neutral because only CO2 that was sequestered in the growth process of 

the plants which form the basis of the biofuels is released when biofuels are burned. The 

process emissions are process parameters which depend on the chemical reactions that take 

place during the production. Where applicable the process emissions are calculated the same 

way as the fuel emissions. If this approach does not deliver satisfactory results, the process 

emissions are based on empirical data. 

The scope 2 emissions are based on the electricity consumption of each process split between 

the electricity purchased from the grid and the electricity self-produced by the companies run-

ning the production process. The grid electricity factor is changing over time as the power 

generation is becoming increasingly based on renewable energy sources. The EFs for self-

produced electricity depend on the sector and are based on the specific generation technolo-

gies and the type of fuel. 

At this point, it should be pointed out that only the scope 1 emissions and the emissions cre-

ated through self-production of electricity (scope 2) are used to define the emission cost. 

These emissions components are marked in green in Figure 7.  

The scope 3 emission balance is made up of the upstream emissions of the fuels used in the 

process and the upstream emissions of the feedstock built into the products. Here, the biofuels 

are not given a neutral EF factor, since emissions are created in their production process. If 

biofuels are used as feedstock for certain products, the emission factors may also become 

negative because the CO2 that was sequestered during the growth of biofuel plants is not 

released to the atmosphere but built into the products. It needs to be noted that the seques-

tered CO2 will eventually be released to the atmosphere again when the products decompose 

which could happen in waste treatment plants or naturally. However, these downstream emis-

sions are not part of the assessment. 

4.2.2 Cost Balance 

For the calculation of the specific production cost of the different technologies, all costs asso-

ciated with the technology are included. Figure 8 shows an overview of the parameters con-

sidered for defining the specific cost of producing one tonne of product with a certain produc-

tion technology. In general, the costs can be differentiated between capital expenditures 

(CAPEX) and operational expenditures (OPEX). The OPEX is constituted of the consumption 

cost which summarizes the costs arising from the use of fuels and feedstock, the operation 

and maintenance cost (O&M) (cost arising from labour and non-productive processes), and 

the emission cost. The emission cost comes from the requirement to buy CO2 certificates in 
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the EU-ETS to cover for direct emissions caused by the production processes. The CO2 prices 

considered in the model can be found in Table 7. 

Several parameters are changing over the course of the modelling period. These factors are 

noted down as a function of time (t). The dynamic development of these factors is implemented 

to account for efficiency advancements in the process technologies, price developments due 

to market dynamics, and cost reduction in investment costs because of technology maturation. 

All price developments can be found in Annex A 9. Efficiency gains and cost reductions are 

listed in Annex A 10 and A 11. 

 

 
Figure 8: Relationship of parameters considered for calculating the specific production cost, all parameters marked 
with a star are specific values per tonne product 

For the most part the evaluation of the costs is done by multiplications of the displayed pa-

rameters except for CAPEX and O&M cost. The O&M cost is either based on statistical values 

(steel industry) or based on fixed shares of the CAPEX (chemical industry). The specific 

CAPEX of a production technology is calculated according to equation (3) which can also be 

described as the specific annuity of capital costs.  

 

aCAPEX =
ANF × I

YP
  =
(1 + i)T × i

(1 + i)T − 1
× 
I

YP
 (3) 

 
Where: 
 

aCAPEX 
ANF 

YP 
 

I 
i 

T 

 
 
 
= 
= 
= 
 
= 
= 
= 

 
 
 
is the specific annuity of capital costs [EUR/tProduct] 
is the annuity factor [-] 
is the annual production of a representative production plant using the examined production 
technology [tProduct/a] 
is the investment cost of a production plant with the annual production capacity YP [EUR] 
is the discount rate [%] 
is technology lifetime [Years] 

 

 

4.3 Decarbonization Pathway and Scenario Setting 

The decarbonization pathways developed in this paper are based on the reinvestment sched-

ules of the existent plants, the market entry of the decarbonization technologies, and the in-

vestment criteria set by the scenarios. For the study three scenarios are defined: 
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1. Freeze – Scenario 

In this scenario it is assumed that the production technology used at the beginning of the 

modelling period remains the same for the entire period. When investments are needed, the 

same technology is reinvested in. Therefore, there are no changes in the technology mix. The 

overall production follows the general market development. The specific energy and feedstock 

demand and the resulting emissions are subject to efficiency gains which are the same in all 

scenarios. Changes in the cost of the technologies are based on the developments of the 

energy and feedstock price as well as on the emission certificate prices.  

 

2. Economic Potential (ECO) – Scenario 

This scenario follows the economic logic that whenever an investment is made, the alternative 

with the lowest cost is chosen. As a consequence, the baseline technologies are replaced by 

the decarbonization technologies when the latter become less expensive. The overall produc-

tion follows the market development and the same efficiency gains are assumed as for the 

freeze scenario. The price development of the feedstocks and energy carriers is the same as 

in the freeze scenario. For deciding which technology is the least expensive option, the pro-

jected discounted costs of the baseline and the alternative decarbonization technologies 30 

years into the future are compared with each other. Costs after 2050 are assumed to remain 

constant. The value is calculated using the following equation (4): 

 

C30 =∑
aCAPEX,t + 𝐶OPEX,t 

(1 + 𝑖)𝑡

30

𝑡=1

  =∑
aCAPEX + CEnergy,t + CFeedstock,t + CO&M,t + CEmission,t 

(1 + i)t

30

t=1

 (4) 

 

Where: 
 

C30 
aCAPEX 
COPEX 

i 
t 

CEnergy 

CFeedstock 

CO&M 
CEmissions 

 
 
 
= 
= 
= 
= 
= 
= 
= 
= 
= 

 
 
 
is the present cost (timeframe 30 years) [EUR/tProduct] 

is the specific annuity of capital costs [EUR/tProduct] (see equation ((3)) [EUR/tProduct] 

is the OPEX cost in year t [EUR/tProduct] 
is the discount rate [%] 
is a running variable for the specific year [-] 
is the energy cost in year t [EUR/tProduct] 
is the feedstock cost in year t [EUR/tProduct] 
is the O&M cost in year t [EUR/tProduct] 
is the emission cost in year t [EUR/tProduct] 
 

 

The specific values for each technology which results from the above equation are listed in 

Table 4. 

 

3. Technological Potential (TECH) – Scenario 

The third scenario is the one in which the theoretical maximum emission savings are realized. 

It is defined by the logic to always invest in the option with the lowest emissions whenever an 

investment is possible. The emission balance used as criterion is the specific total emission 

as described in chapter 0 including all scopes of emissions. The resulting values for each 

technology are listed in Table 10. 

The diffusion level of the technologies is determined by the investment decisions which are 

made based on the specific scenario criteria and in the moments defined by the reinvestment 

schedules. The diffusion level of the technologies stands for the relative share each technol-

ogy has in the overall production of a certain product. The diffusion level is defined as: 

 

𝐷𝐿𝑖,𝑛(𝑡) =  
𝑇𝑃𝑃𝑟𝑜𝑑𝑢𝑐𝑡 𝑛,𝑇𝑒𝑐ℎ𝑛𝑜𝑙𝑜𝑔𝑦 𝑖(𝑡)

𝑇𝑃𝑃𝑟𝑜𝑑𝑢𝑐𝑡 𝑛(𝑡)
=

𝑇𝑃𝑃𝑟𝑜𝑑𝑢𝑐𝑡 𝑛,𝑇𝑒𝑐ℎ𝑛𝑜𝑙𝑜𝑔𝑦 𝑖(𝑡)

∑ 𝑇𝑃𝑃𝑟𝑜𝑑𝑢𝑐𝑡 𝑛,𝑇𝑒𝑐ℎ𝑛𝑜𝑙𝑜𝑔𝑦 𝑖(𝑡)𝑖
 (5) 

Where:   
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𝐷𝐿𝑖,𝑛 

𝑇𝑃𝑃𝑟𝑜𝑑𝑢𝑐𝑡 𝑛,𝑇𝑒𝑐ℎ𝑛𝑜𝑙𝑜𝑔𝑦 𝑖 

𝑇𝑃𝑃𝑟𝑜𝑑𝑢𝑐𝑡 𝑛 

= is the diffusion level of technology i producing product n in year t [%] 

= is the production output of technology i producing product n in year t [t/a] 

= is the overall production output of product n in year t [t/a] 

 

The overall production output of a certain technology 𝑇𝑃𝑃𝑟𝑜𝑑𝑢𝑐𝑡 𝑛 is a cumulative value resulting 

from the investments made in the technology in the preceding years. If the overall production 

of all technologies is reduced, the reduction is always applied to the most emission intensive 

technology. 

The diffusion levels of the technologies in the overall production over the modelling period 

determine the decarbonization pathways of the industries. All final model outputs depend on 

the development of the product specific diffusion levels as formulated in equation (2). 

5 Technical and Economic Specifications 

In this chapter the examined technologies and their relevant technical and economical param-

eters are presented. The relevant parameters for the modelling are the costs and the emis-

sions of the technologies since they are the main criteria for the investment decisions defining 

the pathways of the scenarios defined in chapter 4.3. 

More detailed information on the chemical and steel industry sectors and on the underlying 

energy and feedstock demand of the different technologies can be found in detail in Annex A 

4.3 and A 6 and in summary Annex chapter A 10. In the following, the technologies will be 

introduced only briefly. 

The chemical industry is a highly heterogeneous industry with over 2200 companies (VCI, 

2018b) producing a vast portfolio of different products. To reduce complexity, this paper this 

paper focusses on the processes with the highest energy demand and CO2 emissions. These 

processes are the production of high value chemicals (HVC), ammonia and chlorine. For each 

of the processes a baseline technology is determined. The baseline technology is the technol-

ogy which is currently used the most in its corresponding manufacturing process. For baseline 

technologies one or several alternative decarbonization technologies are provided which are 

identified by literature research (for details see Annex chapter A 5.3). In Table 1 each technol-

ogy is briefly described.  

 
Table 1: Description of the technologies assessed in the chemical sector (baseline technologies are highlighted) 

 

Sector Process Technology Description

Steam Cracker
Baseline process of HVC production based on steam cracking 

of fossil naphtha.

Electro Cracker
Steam cracker using electricity for heating instead of fossil 

naphtha.

Methanol-to-Olefins (MTO)
Producing HVC based on the hydrogenation of synthetic 

methanol. 

CCS Capturing and storing CO2 emitted by the steam cracker.

Bionaphtha Replacing fossil naphtha with bionaphtha (fuel change).

Bioethylene
Producing ethylene (most important part of the HVC) based on 

bioethanol.

Steam Reforming
Baseline process for the ammonia production based on steam 

reforming of natural gas.

Electrolysis
Replacing the steam reforming of natural gas with the 

production of hydrogen through water electrolysis.

CCS Capturing and storing CO2 emitted by steam reformer.

Biomethane Using biogas in steam reformer instead of natural gas.

Membrane Chlorine Alkali 

Electrolysis

Baseline chlorine production process based on membrane 

chlorine alkali electrolysis.

ODC Membrane Chlorine Alkali 

Electrolysis

Use of an oxygen depolarized cathode in the membrane

chlorine alkali electrolysis which directly uses the hydrogen

produced in the baseline process and thus lowers the

electricity demand.

Chemicals

HVC 

Production

Ammonia 

Production

Chlorine 

Production
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The steel industry is a more homogeneous industry sector than the chemical industry. Steel 

is produced in only 20 locations by 17 companies (Wirtschaftsvereinigung Stahl, 2017). Three 

different production technologies are currently in use in Germany for producing crude steel: 

Primary steelmaking via blast furnaces (BF) with subsequent basic oxygen furnaces (BOF), 

primary steelmaking via direct reduction (DR) with natural gas, and secondary steelmaking via 

electric arc furnaces (EAF). These three technologies form the baseline for the steelmaking 

process in the model. For the baseline processes six alternative technologies have been iden-

tified. In Table 2 the baseline and the alternative technologies are briefly introduced and de-

scribed (for details see Annex chapters A 6.2 and A 6.3). 

 
Table 2: Description of the technologies assessed in the steel sector. 

 
 

For some of the above mentioned decarbonization technologies supporting side processes 

are needed. These processes shall be introduced in Table 3. These technologies are not part 

of the modelled pathways but are included in the model to determine the cost of the production 

of their respective outputs. 

 

Sector Process Technology Description

Blast Furnace and Basic 

Oxygen Furnace (BF/BOF)

One of the baseline processes of producing crude steel. For 

this route iron ore is heated together with coal in a blast 

furnace to produce pig iron. The pig iron is subsequently 

introduced together with scrap steel into a in a basic oxygen 

furnace where new steel is produced.

BF/BOF with top gas recovery

Same route of BF/BOF with the difference that the gases 

produced in the blast furnace are recovered and recycled to 

heat the process and drive a power plant. 

BF/BOF with top gas recovery 

and CCS

Same route of BF/BOF with top gas recovery with the 

difference that a significant share of the CO2 in flue gases of 

the process is captured and stored. 

HIsarna with CCS

A process in which fine powder of iron ore is directly reduced 

to pig iron. This saves intermediate steps in the processing of 

iron ore and coal usually necessary when used in a blast 

furnace. The process includes a Cyclone Converter Furnace for 

melting and pre-reducing of the iron ore and a Smelting 

Reduction Vessel where the final reduction stage to pig iron 

takes place. The pig iron is subsequently transformed to steel 

in a basic oxygen furnace.

BF/BOF with Carbon2Chem

Same process as BF/BOF with the difference that the gases 

produced in the blast furnace are recovered and purified in 

order to produce methanol which can be used to produce 

chemicals.

BF/BOF with Steelanol

Same process as BF/BOF with the difference that the gases 

produced in the blast furnace are recovered and introduced into 

a bio reactor where carbon monoxide from the processes 

gases is transformed into ethanol. 

Direct reduction with NG and 

EAF (Midrex)

Alternative process to the BF/BOF route in which iron pellets 

and iron ore are directly reduced with in a closed shaft furnace 

using natural gas (NG) as fuel. The product, hot briquetted iron 

(HBI), can be subsequently converted into steel in an EAF.

Direct reduction with H2 and 

EAF

The process is similar to the Midrex process with the 

difference that instead of natural gas hydrogen is used for the 

reduction of the iron ore.

Secondary route with EAF
This process represents the possibility to recycle steel scrap 

by introducing it next to the pig iron into the BOFs or EAFs. 

Steel
Crude Steel 

Production
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Table 3: Description of needed cross-sectoral side processes 

 
 

5.1 Emissions 

According to the methodology explained in chapter and 4.1.3 and 4.2.1, the specific total emis-

sions are calculated for each technology and each modelled year. The results can be seen in 

the following figures. The depicted emissions are based on the energy and feedstock demand 

of the technologies (Annex chapter A 10) and their corresponding emission factors given in 

Annex chapter A 8. Furthermore, technology specific process emissions and the development 

of the power sector emission intensity (Annex chapter A 1.4) have been considered. The emis-

sions are used to determine the pathway of the TECH scenario (see also 4.3). The specific 

values used for the figures can be traced in Table 10. 

 

 
Figure 9: Emissions of HVC production technologies 

Sector Process Technology Description

Methanol Production Electrolysis & CCU

Process for producing synthetic methanol (needed for the MTO 

process). In order to produce synthetic methanol CO2 from 

carbon capture is hydrogenated with hydrogen from 

electrolysis.  

Hydrogen Production PEM Electrolysis

Proton exchange membrane (PEM) electrolysis for producing 

hydrogen. The production method is chosen to be the proxy for 

hydrogen production for all processes which need hydrogen. 

CCS High Concentration
Process of capturing and compressing CO2 in flue and 

process gases with high CO2 concentration.

CCS Low Concentration
Process of capturing and compressing CO2 in flue and 

process gases with low CO2 concentration.

Transport
Process of transferring CO2 in pipelines (only for quantifying 

infrastructure needs).

Storage
Process of storing CO2 in caverns (only for quantifying 

infrastructure needs).

Side Processes

CO2 Capture
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Figure 10: Emissions of ammonia production technologies 

 
Figure 11: Emissions of chlorine production technologies 

 
Figure 12: Emissions of steel production technologies 
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The figures for the HVC and the ammonia production (Figure 9 and Figure 10) show, that the 

biomass options represent the most attractive CO2 saving option right from the start of the 

modelling period. However, the high emission saving potential of the biomass options leads 

to an undesirable behaviour of the model in the TECH scenario, because based on the invest-

ment decision logic predominantly biomass options are chosen. In order to avoid an overuse 

of the biomass options in the model, maximum diffusion levels of biomass technologies in the 

technology mix are implemented for technologies “bioethylene” and “biomethane”.  
For biomethane a maximum diffusion level of 20% is set. Regarding bioethylene the maximum 

diffusion level is at 10% of the production volume of HVC because the output of the HVC 

production is twice as high as the ammonia production output (see Annex chapter A 1.2). The 

effect of this maximum diffusion levels can be clearly retraced in Figure 21 and Figure 22.  

Based on the same logic, the application of the secondary route in the steel production is 

limited. In this case the technical limit of the diffusion level is 50%, due to the availability of 

iron scrap and the lower quality of steel produced from scrap (dena, 2018).  

5.2 Cost 

Costs are calculated according to the methodology explained in chapter 0. The components 

of the price calculation can be retraced in Annex chapters with detailed information on the 

technologies (A 5 and A 6) and in the summary tables in the Annex chapter A 9 - A 11. For 

determining the pathway of the ECO scenario only the present cost (see Equation (4)) is rel-

evant. Before describing the present cost (chapter 5.2.3.), the annual production cost of the 

technologies and their development over the modelled period are shown for a better under-

standing of the different cost fractions and the influence of annual cost on the aggregated 

present cost. For the chemical industry the production cost is divided into the energy, feed-

stock (resources), O&M, CAPEX and emission cost. The production cost in the steel industry 

will be provided on an aggregated level due to confidentiality reasons.  

 

5.2.1 Production Cost – Chemical Industry 

The following figures show a breakdown of the total production cost by components for the 

years 2015, 2030 and 2050. The underlying data is provided in the annex chapter A 2.2. 

 
Figure 13: Comparison of the production cost of the HVC production technologies  
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Figure 14: Comparison of the production cost of the ammonia production technologies 

 

 
Figure 15: Comparison of the production cost of the chlorine production technologies in 2015 and 2050 

5.2.2 Production Cost - Steel Industry 

The specific cost split of the technologies in the steel industry is confidential. In general, for 

the year 2015 it can be said that production costs are dominated by the energy and feedstock 

cost. They make up between 60 - 80 % of the production cost. The CAPEX only accounts for 

5 - 15 % of the overall production cost. The O&M cost ranges from 15 – 30 %. The emission 

cost goes up to 3% of the overall production cost. In 2050 the composition of the production 

cost changes significantly. This is due to rising emission cost. For CO2 intensive technologies 

(see Table 10) the share can go up to 46% of the overall production cost (BF/BOF route). 

Thus, the share of the other cost components becomes smaller. The development of the pro-

duction cost of the different technologies is visualized in Figure 16. The underlying data is 

given in Annex chapter A 2.3. 
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Figure 16: Comparison of the production cost of the steel production technologies 

5.2.3 Present Cost - Chemical and Steel Industry 

The final investment decision for the ECO scenario is based on the projected discounted costs 

30 years into the future. Based on equation (4) the following present costs are calculated. 

 
Table 4: Specific present cost of technologies 

 

Sector Process Technology 2015 2030 2050

EUR/t_product

Steam Cracker 7.487,54 9.853,41 10.793,13

Electro Cracker 7.699,61 8.953,41 9.241,37

Methanol-to-Olefines 28.593,02 24.611,83 20.601,98

CCS 8.060,01 9.061,65 9.112,30

Bionaptha 7.658,04 9.761,31 10.589,33

Bioethylene 18.889,16 26.020,89 27.334,72

Steam Reforming 4.888,70 6.641,77 7.613,13

Electrolysis 8.129,67 7.144,17 6.003,59

CCS 4.421,03 4.822,48 4.847,92

Biomethane 9.088,62 7.076,12 5.654,45

Membrane Chlorine Alkali 

Electrolysis 2.350,48 2.548,31 2.548,36

ODC 2.384,83 2.434,03 2.409,48

Methanol 

Production
Electrolysis & CCU

9.494,63 8.095,30 6.705,89

Hydrogen 

Production
PEM Electrolysis

34.430,63 29.025,47 23.142,40

CCS High Concentration 100,98 94,37 84,56

CCS Low Concentration 655,34 411,37 274,45

Transport 73,78 58,90 54,58

Storage 65,43 65,43 65,43

Basic Oxygen Furnace 3.900,46 4.840,11 5.376,75

Blast Furnace with Top gas recovery

Blast Furnace with Top gas recovery 

and CCS

Hisarna with CCS

Blast Oxygen Furnace with 

Carbon2Chem

Blast Oxygen Furnace with Steelanol

Direct reduction with NG and EAF 

(Midrex) 4.196,99 4.484,83 4.546,20

Direct reduction with H2 and EAF

Secondary route with EAF 3.780,62 3.785,82 3.745,66

Crude Steel 

Production

Chemicals

HVC Production

Ammonia 

Production

Chlorine Production

Side 

Processes

CO2 Capture

Steel
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6 Modelling Results 

6.1 Decarbonization Pathways 

In the following, the modelled decarbonization pathways of the different scenarios are pre-

sented. The FREEZE scenario pathway is not mentioned, because there is no change in the 

technology mix compared to the initial system. 

 

ECO Scenario 

The pathway of the HVC production (Figure 17) shows that in an economic scenario the steam 

cracking technology will be mainly replaced by electro crackers and later on by steam crackers 

using CCS.  

In the early 2020s the only available and economically feasible decarbonization technology is 

the use of bionaphtha. Its share is not further increased after the market entry of electro crack-

ers in 2030, as they are significantly cheaper in the long run. Starting in 2040, the CCS option 

is introduced after the present costs drop below the costs of electro crackers. This leads to a 

replacement of electro crackers by the CCS option after the first electro crackers reach their 

technological lifetime. 

For the ammonia production (Figure 18), the cheapest decarbonization technology is CCS. 

This status does not change during the whole modelling period which explains why only CCS 

is used as a replacement.   

The pathway for the chlorine production (Figure 19) is characterized by a gradual replacement 

of the chlorine membrane technology with the ODC technology. The logic here is that the ODC 

technology is from the moment of its market entry in 2020 cheaper than the baseline technol-

ogy.  

In the steel production the pathway in Figure 20 is dominated by the BF/BOF with the Steelanol 

(purple) process. This is due to the fact, that from the moment the technology is introduced to 

the market in 2025 the technology is cheaper than any other option. The explanation for the 

low costs of the process is the high earnings the process can realize through selling the pro-

duced ethanol. Before the introduction of the Steelanol process, investments are made in blast 

furnaces with top gas recovery (light green) and in the secondary route (light red). 
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Figure 17: ECO scenario - Diffusion levels of alterna-
tives for the HVC production 

 
Figure 18: ECO scenario - Diffusion levels of alterna-
tives for the ammonia production 

 
Figure 19: ECO scenario - Diffusion levels of technolo-
gies for chlorine production  

Figure 20: ECO scenario - Diffusion levels of technolo-
gies for steel production 

 

TECH Scenario  

The HVC production (Figure 21) in the TECH scenario is dominated by the use of CCS cov-

ering 86% of the production in 2050. A small controlled part (roughly 10%, for explanation see 

chapter 5.1) of the production is provided by bioethylene and an even smaller part by bionaph-

tha (less than 1%). The rest of the production volume is provided by the MTO process. The 

logic for this pathway is that bioethylene which has the lowest emissions (emission balance is 

even negative) of all alternatives and is available from the start of the modelling period is 

invested until it reaches its set maximum share. Afterwards, bionaphtha is used until 2030 

when CCS becomes available which has a much lower emission balance than the bionaphtha 

option. CCS is used as long as it has lower emissions than the MTO technology. As of 2046 

MTO becomes less emission intensive than CCS and therefore it starts being used.  

The Ammonia production (Figure 22) in 2050 is divided between 18% biomethane use, 48% 

electrolysis and 34% CCS. In this case, the pathway can be explained as follows: All techno-

logical alternatives become available in 2025. Initially biomethane has the lowest emissions, 

and hence, is invested in until it reaches its set maximum share of 20%. Afterwards CCS is 

used until the electrolysis route becomes competitive in terms of emissions in 2039. From that 

point on only the electrolysis option is chosen as a replacement for the baseline steam reform-

ing technology.  

The pathway for the chlorine production (Figure 23) is the same as for the ECO scenario. This 

is despite the fact that in the baseline process a side product is hydrogen which could be used 

in other processes. However, the electricity savings especially in the first years lead to a better 

overall emissions balance of the ODC technology use. 
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In the steel production (Figure 24), the dominating technology in 2050 is the secondary route 

accounting for 48% of the production. 32% of the production is covered by the direct reduction 

route with hydrogen and the remaining 20% are covered by the HIsarna technology in combi-

nation with CCS. The pathway develops based on the following logic: As the secondary route 

is the least emission intensive option, it is used as a replacement for the other technologies 

until it gets close to its set maximum share of 50% (explanation in chapter 5.1). This state is 

reached in 2029. At that time additional investments would cause the production of the sec-

ondary route to surpass the 50% limit. Therefore, investments are made in the second least 

emission intensive technology which at that time is already the direct reduction route with 

hydrogen. When the HIsarna technology is introduced in 2035 it is slightly less emission in-

tensive than the DRI route which leads to investments in this new technology. This ranking 

later on changes again in favour of the DRI technology as the energy sector becomes increas-

ingly decarbonized but the first years after the introduction of HIsarna are especially invest-

ment intensive which leads to a significant share of the technology in the overall production. 

This strong effect of the short time frame in which HIsarna emits less emissions is favourable 

as HIsarna is much more economical than the DRI route and thus lowers the overall abate-

ment cost of this scenario.  

 

 
Figure 21: TECH scenario - Diffusion levels of alterna-
tives for the HVC production 

 
Figure 22: TECH scenario - Diffusion levels of alterna-
tives for the ammonia production 

 
Figure 23: TECH scenario - Diffusion levels of technolo-
gies for chlorine production 

 
Figure 24: TECH scenario - Diffusion levels of technolo-
gies for steel production 

6.2 Key performance indicators (KPI) 

Following on from the description and analysis of the resulting pathways, this chapter will dis-

cuss the resulting key performance indicators of the scenario pathways. An overview of all 

relevant KPIs can be seen in Table 5. Visualizations of the development of the emissions, 
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costs and energy and feedstock demand as well as the underlying data for the KPI can be 

found in Annex chapter A 3. 

 
Table 5: Overview of KPIs of the different scenarios 

 
 

 

Emission reduction (based on annual emissions) 

First of all, it can be said that in none of the scenarios, neither on sector nor on global level, 

the intended emission reduction of 95% in 2050 can be achieved (the reference emissions in 

1990 for this evaluation can be found in Annex chapter A 3.3.1). The TECH scenarios naturally 

achieve higher emission savings than the ECO and the FREEZE scenarios. The maximum 

achievable overall emission reduction is 88% (also see Figure 39). The maximum sectoral 

emission reduction is 91% and is achieved in the TECH scenario in the steel industry. The 

emission saving in the steel industry in the ECO scenario is mainly based on the Steelanol 

technology and amounts to 83%. This in line with the expected emission savings published by 

ArcelorMittal (Arcelor Mittal, 2019). The emission savings in the steel industry are in general 

higher than the emission savings in the chemical industry. This has two main reason reasons:  

First and most important, the overall production of steel is reduced during the modelling period 

by 13%. This situation is the opposite in the chemical industry: The production increases on 

average by 13% (see Table 6). This causes an increase of the emissions in the chemical 

industry and limits emission reduction achieved through efficiency gains and the implementa-

tion of decarbonization technologies. In the steel industry the reduction of the production rein-

forces emission reduction realised through decarbonization technologies and efficiency gains. 

The isolated effect can be traced in the FREEZE scenario which takes into account all effi-

ciency gains but assumes no changes for the production technologies: While in the steel in-

dustry the emission savings amount to 43% (see Figure 43), the emission savings in the chem-

ical industry in the FREEZE scenario sum up to only 12% (see Figure 40). 

The production output is not the only influencing factor. The second reason is that in the chem-

ical industry a large share of fossil fuels is used as feedstock (HVC production 27%, Ammonia 

production 46%). In this regard, it has to be noted that with the use of CCS technology (major 

shares in the technology mix in both ECO and TECH scenario in 2050) the feedstock basis 

remains the same. In addition, the feedstock consumption is not subject to efficiency gains 

(see  Table 70). Since these fossil feedstocks bring along significant indirect emissions, the 

overall emissions cannot be lowered as much as in the steel industry. 

 

Accumulated emissions 

The emission reduction should also be considered in terms of accumulated emissions from 

2015 to 2050. If the annual emission of 2015 would be assumed constant for the whole 

Baseline Scenario Scenario Scenario

FREEZE TECH ECO

Both Chemicals Steel Both Chemicals Steel Both Chemicals Steel

Emission reduction in 2050 vs. 2015 

(based on annual emissions)
[%] 33% 12% 43% 84% 72% 89% 75% 58% 83%

Emission reduction in 2050 vs. 1990 

(based on annual emissions)
[%] 50% 40% 54% 88% 81% 91% 82% 72% 86%

Accumulated emissions 2015-2050 [MtCO2] 3.210 1.121 2.090 2.224 808 1.416 2.518 927 1.590

Specific cost change product HVC/Steel (2015-2050) [EUR/tProduct] - 480,58 156,50 - 535,29 48,67 - 315,72

Specific cost change product Ammonia (2015-2050) [EUR/tProduct] - 386,58 - - 167,10 - - 93,24

Specific cost change product Chlorine (2015-2050) [EUR/tProduct] - 40,53 - - 25,80 - - 25,80

Rel. cost change product HVC/Steel (2015-2050) [%] - 72% 43% - 81% 13% - 48%

Rel. cost change product Ammonia (2015-2050) [%] - 92% - - 40% - 22%

Rel. cost change product Chlorine (2015-2050) [%] - 18% - - 11% - 11%

Abatement Cost [EUR/tCO2] - - - -23,30 66,68 -64,98 -253,13 -144,44

Renewable Energy Share 2050 [%] 4% 4% 5% 34% 27% 53% 32% 12% 53%

Electricity Demand 2050 

(incl. electricity for hydrogen & methanol)
[TWh] 25,43 12,03 13,41 80,85 42,84 38,01 26,59

Biomass Demand 2050 [TWh] 0,53 0,31 0,22 21,11 19,67 1,44 1,70

Accumulated CCS 2050 [MtCO2] 0,00 0,00 0,00 288,54 202,39 86,14 111,48

Yearly CCU 2050 [MtCO2] 0,00 0,00 0,00 1,42 1,42 0,00 0,00

KPI Unit
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modelling period the reduction in accumulated emissions would be 42% for the TECH, 34% 

for the ECO scenario and 16% for the FREEZE scenario. This result shows the importance of 

early emission reductions and points out that the emission reduction in annual emissions 

should not be the only indicator.  

 

Cost change and abatement cost 

Taking a closer look at the development of the specific production costs (see also Figure 46 

and Figure 47) it can be said that in all the scenarios and all production processes the costs 

increase except for the steel production in the ECO scenario. This is due to the switch to the 

Steelanol process in the ECO scenario which creates a new revenue stream based on the 

export of ethanol and thus reduces the specific cost of the process. Another general trend is 

that in the ECO and TECH scenario the introduction of decarbonization technologies reduces 

the production cost in comparison to the FREEZE scenario. The only exception is the HVC 

production cost in the TECH scenario. The general trend can be explained by the omission of 

emission costs which strongly raise the cost of production in the baseline processes in the 

FREEZE scenario. The increase in the production cost of HVC production in TECH scenario 

is based on the share of bioethylene in the production which has much higher production cost 

than the baseline technology (see Table 4). This correlation leads to the result that, except for 

the chemical industry, in TECH scenario the CO2 abatement costs are negative. The abate-

ment costs in Table 5 are calculated based on the following equation: 

 

 CA,overall = 
C𝐴𝐶,TECH/ECO −  C𝐴𝐶,FREEZE

E𝐴𝐸,FREEZE − E𝐴𝐸,TECH/ECO
 (6) 

 
Where: 

   

CA,overall 

C𝐴𝐶,TECH/ECO 

C𝐴𝐶,FREEZE 

E𝐴𝐸,FREEZE 

E𝐴𝐸,TECH/ECO 

 

= 

= 

= 

= 

= 

Overall abatement cost [EUR/t CO2 saved] 

Accumulated cost of TECH or ECO scenario (2015-2050) [MEUR] 

Accumulated cost of FREEZE scenario (2015-2050) [MEUR] 

Accumulated emissions of TECH or ECO scenario (2015-2050) [MtCO2] 

Accumulated emissions of FREEZ scenario (2015-2050) [MtCO2] 

Renewable energy share 

Looking at the share of renewable energy in the different scenarios a maximum amount of 

renewable energy is achieved in the steel industry in ECO scenario with 53% of the final over-

all energy consumption in 2050. Most of the renewable energy is based on renewable elec-

tricity, as the purchased electricity and the hydrogen are fully based on renewable electricity. 

On top comes the biomass used for the Steelanol process.  

In the TECH scenario the renewable energy share in the steel industry is almost as high as in 

the ECO scenario. Here, all the renewable energy comes from renewable electricity (see Fig-

ure 37).  

In the chemical industry the highest share of renewable energy is achieved in the TECH sce-

nario with 27% (see Figure 35). This is achieved because all the hydrogen and methanol, as 

well as the electricity purchased is fully based on renewable electricity.  

 

Electricity demand 

Concerning the electricity use in 2050, the magnitude of the electricity demand is predomi-

nantly determined by the amount of hydrogen used in the scenarios. The highest electricity 

demand occurs in the ECO scenario, mainly due to the steel industry. This is because in the 

ECO scenario much larger amounts of hydrogen are needed than in the TECH scenario (see 

Figure 37, ECO scenario confidential). In the ECO scenario XXX PJ hydrogen corresponding 

to XXX TWh of electricity (84% of the total electricity demand of the steel industry) are needed. 
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In the TECH scenario the hydrogen demand is only at 64,6 PJ (equal to 23,7 TWh of electric-

ity).  

In the chemical industry the electricity demand is largest in the TECH scenario. Again, this is 

based on the hydrogen demand of the scenario. While in the TECH scenario 59 PJ of hydro-

gen are needed (corresponding to 21,5 TWh of electricity), the ECO scenario does not require 

any hydrogen. The main shares of the electricity demand in the ECO scenario in the chemical 

industry are created by the HVC production with electro crackers (36% of the sectoral elec-

tricity demand) and the chlorine production (22%).  

At this point it needs to be mentioned that the process change from the baseline chlorine 

production to the ODC production (Figure 19 and Figure 23) creates a lack of hydrogen pro-

duction in the overall economy. For the sectoral electricity demand, it is assumed that the lack 

in hydrogen production is compensated with hydrogen production from PEM electrolysers. 

The energy demand of these electrolysers is added to the electricity demand of the chemical 

industry. At its peak in 2020 the baseline chlorine production exports 14 PJ of hydrogen. To 

replace this hydrogen production capacity with PEM electrolysers 5,1 TWh of electricity are 

needed (19% of overall sectoral electricity demand). 

 

Biomass Demand 

Regarding biomass demand, the largest demand occurs in the ECO scenario because of the 

steel industry. With XXX TWh of biomass demand, the steel industry almost exclusively cre-

ates the biomass demand. The large demand of biomass in the ECO scenario is mainly due 

to the predominant use of the Steelanol process (see also Figure 20). In 2050 the Steelanol 

process consumes XXX TWh of biomass. The rest of the biomass demand comes from the 

biomass used for the generation of electricity used in the steel sector.  

In the TECH scenario the situation is the opposite. Here, the chemical industry is consuming 

the main part of the biomass and the steel sector a negligible amount. Taking a look at the 

energy consumption of the chemical industry (Figure 35), it becomes evident that the demand 

comes from the use of bioethanol for bioethylene in HVC production (share of  10%  in 2050, 

Figure 21) and the use of biomethane for ammonia production (share of 18% in 2050, Figure 

22). The demand for bionaphtha is negligible. The demand of bioethanol and biomethane 

combined amounts to 18,2 TWh. The remaining 1,4 TWh of biomass demand originates from 

the biomass demand for the electricity used in the chemical sector.  

 

CCS/CCU 

In general, the CCS option is used much more in the chemical than in the steel industry. In 

the ECO scenario only CO2 from the chemical sector needs to be stored (up to 12,6 Mt per 

year in 2050). Even though the ammonia production sees a full employment of CCS in 2050 

(see Figure 18), its share of the overall captured and stored CO2 (41%) is lower than the share 

of the HVC production where the CCS option has a diffusion level of 57% in 2050. In the steel 

sector no CO2 needs to be stored, but with the intensive use of the Steelanol process, CCU is 

heavily used. At the peak in 2047, XXX Mt of emissions are captured per year and directly 

used to produce ethanol.  

In the TECH scenario, both the chemical and steel industry make use of the CCS option. The 

HVC production generates the largest share of CO2 which needs to be stored (XX% in 2050), 

followed by the steel production (XX% in 2050, coming from the HIsarna process in combina-

tion with CCS). The peak of the annually captured emissions is in 2045 with 19,2 Mt.  

7 Discussion 

After the description of the modelling results, the outcome shall be further discussed and an-

alysed. The following discussion focuses on the impact of economic parameters on the overall 
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emission reduction. In the Annex chapter A 4 additional parameters, assumptions and model 

outcomes are discussed and scrutinised. 

The main outcome of the model is the achievable emission reduction of the annual emissions 

of both sectors in 2050 in comparison to the annual emission in 1990 (reference Annex chapter 

A 3.3.1). Therefore, it is of outmost importance to understand how this result is affected by 

parameters which are potentially controllable by political instruments. For this purpose, a sen-

sitivity analysis of the emission reduction regarding suitable controllable parameters is carried 

out.  

For the sensitivity analysis the ECO scenario is used. All parameters except for the ones al-

tered remain the same. The ECO scenario is used because the only parameters which can 

be realistically altered by political measures are the ones which influence the cost of produc-

tion. The outcome of the TECH scenario is indifferent to changes in the production cost. There-

fore, it will not be included in the sensitivity analysis. 

7.1 Sensitivity Analysis: Discount rate and CO2 price 

Two very important parameters which could be changed with political instruments are the CO2 

price (corresponding to EUA price) and discount rate. The latter could be changed indirectly 

because the discount rate is partly influenced by the interest which is charged for loans. By 

providing capital at low interest rate governments can influence the discount rate. The results 

of the sensitivity test are shown in Figure 25 where the emission reduction is plotted against 

the CO2 price and the discount rate. In general, it can be said that the higher the CO2 price 

and the lower the discount rate the higher the emission reduction. However, there is no con-

tinuous linear function that describes the relationship.  

 

 
Figure 25: Sensitivity analysis of emission reduction of annual emission in 2050 in comparison to the annual emis-
sions in 1990, sensitivity is tested against discount rate and CO2 price 

The stepwise linear functions are shown for the exemplary discount rates 5%, 10%, and 15% 

in Figure 26. From the latter, one can learn that the lower the discount rate, the steeper the 

increase of the emission reduction, and the earlier the maximum of the relationship is reached. 

The maximum emission reduction is at 83%. For the given reinvestment schedule of the pro-

duction facilities and the available decarbonization technologies, no further emission reduction 

can be achieved in the ECO scenario. This is due to changes happening in the decarboniza-

tion pathway of the HVC production. Under basic assumptions (Figure 17) the HVC production 
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uses mainly the electro cracking and the CCS technology at the end of the modelling period. 

When the CO2 price rises and the discount rate goes down, the diffusion levels of the HVC 

production technologies change in favour of the CCS technology up to the point where there 

are no more investments in the electro cracking technology. At this point, the overall emission 

reduction reaches its maximum. This is due to the fact that the electro cracking technology 

produces considerably higher emissions than the CCS technology (see Table 10). Based on 

the same but opposite effect, the lower plateau of emission reduction (starting at CO2 prices 

lower than 200 -140 EUR/tCO2) can be explained: If CO2 price goes down, and discount rate 

rises, more investments are made in the electro cracking technology until almost the whole 

HVC production is based on the electro cracking technology, and no more CCS technology is 

used.  

 

 
Figure 26: Sensitivity analysis of emission reduction of annual emissions in 2050 in comparison to the annual 
emissions in 1990 test for a discount rate of 5,10, and 15% 

7.2 Sensitivity Analysis: Electricity Price 

Another important factor which could be influenced by political instruments is the electricity 

price. In Figure 27 the emission reduction of both industries in 2050 in comparison to 1990 

versus the electricity price reduction is shown. The electricity price reduction is assumed from 

the start of the modelling period.   

 

 
Figure 27: Sensitivity analysis of electricity price reduction 
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The results show a counterintuitive development. As the electricity price decreases the emis-

sions reduction also decreases down to an almost constant minimum of 79,8% which is 

reached at 14% electricity price reduction. The emission reduction increases again above an 

electricity price decrease of 30%. Above an electricity price reduction of 44% the emission 

reduction increases very little and remains almost constant at roughly 80,5% down to an elec-

tricity price of 0. The counterintuitive development is mainly caused by an increased usage of 

the electro cracking technology instead of the CCS technology in the HVC production, just like 

in the prior chapter. The lower the electricity price the more the electro cracking technology is 

invested. At an electricity price reduction of 14%, no more CCS is used in the ECO scenario. 

This status is shown in Figure 28 (compare to ECO scenario with basic assumptions in Figure 

17). 

 
Figure 28: ECO scenario, HVC production, technology diffusion levels at 14 % electricity price reduction 

The increase of the emission reduction above an electricity price reduction of 30% (corre-

sponding to an electricity price of 33,19 EUR/MWh in 2050) is mainly based on the introduction 

of the electrolysis technology in the ammonia production. The lower the electricity price the 

earlier the electrolysis technology starts being used instead of the CCS technology. In Figure 

29 an exemplary pathway for the ammonia production at an electricity price reduction of 50% 

is shown (compare to ECO scenario with basic assumptions in Figure 18). A full roll out of the 

electrolysis option would happen at an electricity price reduction of 58%.   

 

 
Figure 29: ECO scenario, ammonia production, technology diffusion levels at 50 % electricity price reduction 
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8 Conclusions 

Concerning the decarbonization pathways, it can be said that with the aim of minimal cost 

(ECO scenario) there is a general technological trend towards electrification and carbon cap-

ture. This is mainly because these options do not require a profound restructuring of the pro-

duction processes and thus are less costly. Another major influencing factor, especially in the 

steel industry, is the possibility to produce valuable side products based on the utilization of 

captured CO2. When aiming for maximum emission reduction (TECH scenario) the technolog-

ical portfolio is made up of technologies based on green hydrogen and carbon capture. While 

in the ammonia and steel manufacturing the trend towards hydrogen-based production is far 

developed at the end of the modelling period, the HVC production is just starting to switch 

from the CCS option to the MTO route. The use of biomass generally represents one of the 

most attractive saving options in the TECH and ECO scenario. However, its use quickly ex-

ceeds the availability. Therefore, the utilization needs to be limited.  

 

The main goal of the activities modelled in the two industries is decreasing the annual emis-

sions until 2050 by 95% in comparison to 1990. This goal cannot be achieved supposing the 

initial emission accounting scheme which includes indirect emissions. With a limited emission 

accounting system based on the source principle a maximum overall emission reduction of 

94% can be achieved. The main reason for the incomplete emission reduction is the consid-

erable remaining emissions of the abatement technologies. There is no production technology 

which could fully decarbonize its production process. The electrification of the steam crackers, 

for example, still brings along large process emissions and even the CSS technologies cannot 

fully capture all CO2 emitted. Bio-based technologies could fully neutralize the CO2 emission 

in the given system boundary. As their applicability is limited, the most promising technologies 

which come the closest to a full decarbonization of the production process are the ones which 

are based on green hydrogen and recycling (HVC production: MTO process, Ammonia pro-

duction: Electrolysis, Steel production: DRI with hydrogen and secondary route). The remain-

ing emissions in these processes occur because of the assumption that part of the energy 

used in these processes will still be based on fossil fuels. With little additional effort this share 

could be avoided and a fully decarbonized production could be achieved. For this purpose, 

mainly heating with natural gas needs to be replaced by with power to heat or renewable 

synthetic gas. 

 

Supposing that all baseline facilities will be replaced in the modelling period, economic 

measures to push for faster and more thorough decarbonization show a limited effect on the 

final emission reduction. Raising the CO2 price can only increase the emission reduction by 

roughly 4%. At a certain price the emission reduction reaches a maximum and cannot be 

further increased by raising the CO2 price. The provision of low interest capital helps to achieve 

this reduction at lower CO2 prices. At a discount rate of 5% the maximum emission reduction 

is achieved at a CO2 price of 180 EUR/tCO2, while at a discount rate of 15% it would take 300 

EUR/t CO2 to achieve the maximum reduction.  

Based on the given decarbonization technologies, the reduction of the electricity price leads 

to lower emission reductions. This does not mean that this measure is unfit to achieve decar-

bonization. However, this support should be used selectively based on the emission intensity 

of the technologies. In general, it is advantageous to support hydrogen technologies with the 

electricity price reduction. In particular, it was not advantageous to increase the investments 

in the electro cracking technology with electricity price reduction because this technology still 

brings along large process emissions. If the electro cracking technology would be combined 

with CCS, this negative effect could be mitigated.   
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While the reduction of CO2 emissions is relatively successful with the proposed decarboniza-

tion technologies, it should not be forgotten that the defossilisation, the reduction of fossil-

based resources both as fuel and feedstock, is not nearly as successful. The highest share of 

renewable energy considering both energy carriers used as feedstock and fuel is attained in 

the TECH scenario (Table 5). Here, the overall renewable energy share is at 34% for both 

industries and at 53% and 27% for the steel and the chemical industry, respectively. This 

shows that for lowering the dependence on fossil fuels, even after a radical emission reduction, 

further measures need to be taken. Especially in the chemical industry it is very difficult to 

replace fossil energy carriers as feedstock. Next to the use of biogenic carbon sources, the 

most effective measure to decrease the dependence on fossils is to produce and use less 

plastics and to recycle as much of produced plastic as possible.  

 

From a financial perspective, the study shows that over the course of the modelling period 

almost all alternative decarbonization technologies eventually become less costly than the 

baseline technologies (see Figure 13, Figure 14, Figure 15, and Figure 16). This is mainly due 

to the fact that baseline technologies see rising emission and resource costs while decarbon-

ization technologies see falling resource costs and very little emission cost. As the cost ad-

vantage is achieved relatively early (already in 2030 more than 50% of the decarbonization 

technologies are less expensive than their baseline technology) the cost reduction also posi-

tively affects the overall specific production cost in the ECO and TECH scenario as described 

in the following. 

In general, the aggregated production cost increases in comparison to the initial production 

cost in 2015. The only exception from this trend is the steel production in the ECO scenario 

which has lower production cost in 2050 than in 2015. However, this development is based 

on a radical production shift towards the Steelanol process which should be seen in context 

of a theoretical economic potential. While the overall specific production cost increases, com-

paring the production cost of the transformation scenarios (ECO and TECH) to the production 

cost of FREEZE scenario reveals that the ECO and TECH scenario have lower production 

cost for all products at almost all times because of the reasons mentioned in the prior para-

graph. The exception from this general finding is the HVC production in the TECH scenario. 

In this specific case the production cost rise compared to the FREEZE scenario. In conclusion, 

it can be said that based assumptions made for price developments until 2050 the transfor-

mation of the industry is economically advantageous. 

9 Outlook 

The decarbonization pathways proposed in this study give a detailed description of how the 

steel and the chemical industry could be transformed based on an either solely economic or 

technological criterion. The resulting portfolio of production technologies and their correspond-

ing energy demand, emissions and cost represents the economic and technical potential the 

identified decarbonization technologies have in a complete industry transformation. When in-

terpreting and using the results of these roadmaps, some characteristics and particularities 

should be considered.  

 

Pathways resulting from a single decision variable, like the ones developed in this study, pro-

vide orientation and transparency for strategic decisions and definitions made in the stake-

holder process which accompanies the creation of a complete industry roadmap. Thus, the 

results of this study can be used as a basis for drawing up consecutive roadmaps which build 

upon the findings of this paper but include more hard and soft criteria which have not been 

considered in this study, such as societal and infrastructural factors which could limit the use 

of CCS or strategic factors influencing the choice of energy carriers used for the processes. 
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Ideally, a resulting industry roadmap would be a good compromise between the economic 

potential and technical potential scenario.  

 

The course of the pathways and the final composition of the technological portfolio is, to a 

large degree, influenced by the defined investment moments which are generally set for a 

specific year. The performance of the assessed technologies concerning emissions and costs 

changes strongly in the course of the modelling period. Therefore, the evaluation of a technol-

ogy can change from one year to the other. Shifting the reinvestment moments of the existent 

production capacities a few years forward or backward can lead to different investment deci-

sions which can significantly influence the overall emission reduction. For subsequent 

roadmaps a reinvestment window of several years might be beneficial in terms of the emission 

reductions and also lead to more robust modelling outcomes. This is also closer to the indus-

trial reality where large production plants as they exist in chemical and steel industry do not 

have a specific year of replacement because they are rather continuously modernized.  

The model used in this study is only integrating the transformation in the chemical and steel 

industry. This approach omits potential existent interdependencies with other industry 

branches and sectors. For a sound and well-integrated roadmap these interrelations should 

be included if potential synergies and constraints ought to be identified.  

 

The proposed decarbonization pathways are not only a useful source of information for the 

drafting of further industry transformation roadmaps but also for the derivation of necessary 

regulatory instruments in support of the emission reduction. The scenarios have shown that it 

is not even technically possible to achieve a 95% reduction in emissions in 2050. This means 

that the government cannot rely on the market dynamics and the current technologies to real-

ize the necessary emission reduction. On top of the useful financial incentives discussed in 

this paper, additional R&D support for process improvements and prohibitive measures to 

minimize the remaining use of fossil fuels will be necessary. The definition and formulation of 

recommendations for effective political instruments would be a logical next step as an elabo-

ration of this study. The formulation of political instruments will have to be accompanied by a 

thorough analysis of the effects these measures will have on the competitiveness of the Ger-

man industry. As long as legislation in other countries with competing industry is less strict in 

terms of carbon emission, there will be a risk that the industry will shift its production to coun-

tries where the emission and production cost is lower. This would inhibit effective emission 

reduction.  

Effectively and quickly reducing emissions while keeping the industry competitive and in the 

country will be the difficult task to be fulfilled by future climate legislation. 
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Annex 

A 1 Modelling Data in Detail 

A 1.1. Technology Readiness Level (TRL) of Decarbonization Technologies 

The following graph shows the moments at which the technological alternatives enter the mar-

ket. Details on the market entry times can be found in the Annex chapters with detailed infor-

mation on the decarbonization technologies (Annex chapters A 5.3, A 6.3). 

 
Figure 30: Market entry of alternative process technologies (in grey: baseline technologies, in green: alternatives) 

A 1.2. Development of the Production Volume 

The developments of the overall production of the different products for modelled period are 

calculated based on trends taken from the road map study “Klimaschutzszenario 2050” (Öko-

Institut and Fraunhofer ISI, 2015). The extracted trends are applied to the production data of 

the existing production plants (see Table 43, Table 45, Table 46, Table 56, Table 60, Table 

61). Table 6 summarizes the assumptions concerning the production output. 

 
Table 6: Production output of modelled processes during the modelled period 

Year HVC 
Production 

Ammonia  
Production 

Chlorine  
Production 

Steel  
Production 

[-] [kt/a] 

2010 8.498 3.256 4.009 42.556 

2015 8.624 2.884 4.057 42.716 

2020 8.751 3.339 4.105 42.876 

2025 9.018 3.277 4.142 41.692 

2030 9.285 3.214 4.178 40.508 

2035 9.622 3.184 4.155 39.398 

2040 9.958 3.153 4.132 38.288 

2045 10.287 3.127 4.102 37.642 

2050 10.616 3.100 4.072 36.996 

Change ’15-‘50 +25% -5%  +2%  -13% 
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As one can learn from the table above, the increasing production of HVC will potentially lead 

to investments in additional plants or a higher utilization of the existing ones. The opposite is 

the case for the steel production where a decreasing production will cause plants to be phased 

out. For ammonia and chlorine, the production remains practically the same which means that 

the production facilities will only be renewed during the modelling period, without a strong 

effect on the overall energy demand and emissions. 

 

A 1.3. Price Development of CO2 Certificates 

The emission costs are calculated based on the price of the emission allowances (EUA) traded 

in the EU emission trading system (ETS). In this study the EUA price is mostly referred to as 

CO2 certificate price or simply CO2 price. It is expected and inherent to the EU ETS that the 

CO2 prices will increase making carbon intensive technologies more expensive. For the study 

the final EUA price in 2050 is based on a forecast of the Öko-Institut implemented in the 95% 

emission reduction scenario of their study “Klimaschutzszenario 2050” (Öko-Institut and 

Fraunhofer ISI, 2015). The prices until 2017 are based on actual market data (finanzen.net 

GmbH, 2019). The data between 2017 and 2050 is deduced by linear interpolation.  

 
Table 7: Development of the CO2 prices 

Year 2015 2016 2017 2018 2019 2020 2030 2040 2050 

Price 
[EUR/ 
tCO2] 

5,6 5,8 15,5 21,1 26,7 32,3 88,2 144,1 200,0 

 

A 1.4. Emission Intensity of Power System 

The estimation of how the share of renewable electricity will evolve in the modelled period is 

taken from the latest DENA study (ewi Energy Research and Scenarios gGmbH, 2018). The 

development used for this study is based on the technology mix scenario of the DENA study 

leading to 95% reduction in emissions. For the final emission factors used in this paper, the 

development of the DENA study is applied to the statistical emission factor of the German 

power system in 2015 (528 gCO2/kWh, (Petra Icha, 2018)).  

 
Table 8: Development of emissions factor of electricity mix 

Parameter Unit 2015 2020 2030 2040 2050 

Emissions Energy Sector 
(DENA, TM95) 

[Mio. t CO2] 
355 308 144 35 0 

Electricity Generation  
(DENA, TM95) 

[TWh] 
567 600 699 796 837 

Emission factor  
(DENA, TM95) 

[g CO2/kWh] 
626 513 206 44 0 

Development of emission factor [2015=100] 100 82 33 7 0 

Emission factor  
(Base 2015) 

[g CO2/kWh] 
528 433 174 37 0 

 

A 1.5. Availability of Relevant Resources 

The following table displays the assumed demand limits for the whole German industry. The 

limits are derived from forecasts made in other studies. 
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Table 9: Constraints for electricity, biomass and CO2-storage capacity 

Year Unit 2015 2030 2050 

Industry electricity demand 
(ewi Energy Research and Scenarios gGmbH, 
2018) 

TWh 228,80 270,45 382,42 

Industry biomass demand 
(Pfluger et al., 2017) 

TWh 41 51,5 83,5 

Total CO2-storage capacity 
(Öko-Institut and Fraunhofer ISI, 2015) 

Gt 47 47 47 

 

A 2 Specification in Detail 

A 2.1. Emissions – All Technologies  

The following table summarizes the emissions calculated for all technologies according to the 

methodology explained in chapter 4.1.3 and 4.2.1. 

 
Table 10: Specific total emissions of each technology 

Sector  Process Technology 2015 2030 2050 
Emission 
change  
('15 -'50) 

      t_CO2/t_product   

Chemicals 

HVC Pro-
duction 

Steam Cracker 2,29 2,15 1,99 -13% 

Electro Cracker 3,09 1,78 1,27 -59% 

Methanol-to-Olefins (MTO) 15,89 5,33 0,42 -97% 

CCS 1,58 1,03 0,84 -47% 

Bionaphtha 1,84 1,71 1,56 -15% 

Bioethylene -0,51 -0,63 -0,70 -35% 

Ammonia 
Production 

Steam Reforming 2,76 2,53 2,32 -16% 

Electrolysis 5,21 1,74 0,13 -98% 

CCS 0,92 0,76 0,66 -29% 

Biomethane 0,57 0,48 0,42 -25% 

Chlorine 
Production 

Membrane Chlorine Alkali Electrolysis 1,42 0,66 0,30 -79% 

ODC Membrane Chlorine Alkali Electrolysis 1,05 0,49 0,22 -79% 

Side Pro-
cesses 

Methanol 
Production Electrolysis & CCU 5,39 1,79 0,11 -98% 

Hydrogen 
Production PEM Electrolysis 24,82 7,94 0,00 -100% 

CO2 Capture 

CCS High Concentration 0,06 0,02 0,00 -100% 

CCS Low Concentration 0,54 0,11 0,00 -100% 

Transport         

Storage         

Steel 
Crude Steel 
Production 

BF/BOF 2,30 1,98 1,62 -29% 

BF/BOF with top gas recovery     

BF/BOF with top gas recovery and CCS     

HIsarna with CCS     

BF/BOF with Carbon2Chem     

BF/BOF with Steelanol     

Direct reduction with NG and EAF (Midrex) 1,32 0,89 0,64 -52% 

Direct reduction with H2 and EAF     

Secondary route with EAF 0,55 0,27 0,14 -74% 
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A 2.2. Production cost – Chemical Industry and Cross-Sectoral Technologies 

The production cost is calculated based on the methodology explained in chapter 4.2.2. It is 

composed of the OPEX (energy, O&M, and emission cost) and the CAPEX. These production 

cost fractions shall be provided separately in the following tables.  

 
Table 11: Specific energy cost of technologies in the chemical industry and cross-sectoral technologies 

Sector  Process Technology 2015 2030 2050 
Cost 

change 
 ('15 -'50) 

      EUR/t_product   

Chemicals 

HVC Production 

Steam Cracker 566,73 689,04 768,93 36% 

Electro Cracker 602,55 716,48 726,81 21% 

Methanol-to-Olefins (MTO) 3.118,80 2.987,61 2.077,72 -33% 

CCS 665,93 752,09 794,25 19% 

Bionaphtha 600,66 707,35 775,46 29% 

Bioethylene 1.283,83 2.335,33 2.714,04 111% 

Ammonia Pro-
duction 

Steam Reforming 257,37 280,21 279,93 9% 

Electrolysis 796,98 782,18 515,67 -35% 

CCS 271,89 294,42 290,08 7% 

Biomethane 957,39 720,48 445,35 -53% 

Chlorine Produc-
tion 

Membrane Chlorine Alkali Electroly-
sis 156,94 177,95 139,34 -11% 

ODC 151,41 166,91 138,43 -9% 

Side Pro-
cesses 

Methanol Pro-
duction 

Electrolysis & CCU 
826,03 810,80 533,52 -35% 

Hydrogen Pro-
duction 

PEM Electrolysis 
2.555,42 2.959,95 2.084,87 -18% 

CO2 Capture 

CCS High Concentration 6,04 6,63 4,34 -28% 

CCS Low Concentration 55,58 39,92 14,87 -73% 

Transport         

Storage         

 
Table 12: O&M cost of technologies in chemical industry and cross-sectoral technologies 

Sector  Process Technology 
O&M Rate  
(share of CAPEX) 

2015 2030 2050 

        [EUR/t_Product] 

Chemicals 

HVC Pro-
duction 

Steam Cracker 5% 4,20 4,20 4,20 

Electro Cracker 5% 6,56 5,64 4,17 

Methanol-to-Olefines 5% 4,15 4,15 4,15 

CCS 5% 7,58 6,41 5,77 

Bionaphtha 5% 4,20 4,20 4,20 

Bioethylene 5% 50,32 50,32 50,32 

Ammonia 
Production 

Steam Reforming 5% 7,21 7,21 7,21 

Electrolysis 5% 4,56 4,56 4,56 

CCS 5% 9,14 8,80 8,60 

Biomethane 5% 7,21 7,21 7,21 

Chlorine 
Production 

Membrane Chlorine Alkali Elec-
trolysis 5% 3,38 3,38 3,38 

ODC 5% 4,47 3,84 3,47 

Side Pro-
cesses 

Methanol 
Production Electrolysis & CCU 5% 5,13 5,13 5,13 

Hydrogen 
Production PEM Electrolysis 5% 61,04 38,52 17,62 

CO2 Capture 

CCS High Concentration 5% 0,22 0,22 0,22 

CCS Low Concentration 5% 1,57 1,00 0,68 

Transport 5% 0,44 0,33 0,28 

Storage 5% 0,33 0,33 0,33 

 

 



 

47 
 

 

The emission strongly influencing the costs of emission intensive technologies. The results 

are based on the sum of the direct emissions (Scope 1) and the emissions from the self-

produced electricity (marked in green in Figure 7). For the CO2 prices, the values of Table 7 

are used. 

 
Table 13: Specific emission cost in the chemical industry 

Sector  Process Technology 2015 2030 2050 
Cost increase 

 ('15 -'50) 

      EUR/t_product   

Chemicals 

HVC Pro-
duction 

Steam Cracker 9,52 138,88 287,90 278,38 

Electro Cracker 4,66 73,18 166,00 161,34 

Methanol-to-Olefins (MTO) 0,82 11,10 20,59 19,77 

CCS 2,30 28,50 51,27 48,97 

Bionaphtha 8,58 125,28 259,75 251,17 

Bioethylene 2,04 30,10 63,13 61,09 

Ammonia 
Production 

Steam Reforming 12,23 179,75 376,24 364,02 

Electrolysis 1,02 13,74 25,49 24,48 

CCS 1,46 21,18 43,61 42,15 

Biomethane 0,12 1,64 3,05 2,93 

Chlorine 
Production 

Membrane Chlorine Alkali Electrolysis 1,80 27,50 59,93 58,13 

ODC Membrane Chlorine Alkali Electrolysis 1,33 20,29 44,21 42,88 

Cross- 
Sectoral 
Side Pro-
cesses 

Methanol 
Production Electrolysis & CCU 0,89 11,99 22,24 21,35 

Hydrogen 
Production PEM Electrolysis 0,00 0,00 0,00 0,00 

CO2 Capture 

CCS High Concentration 0,00 0,00 0,00 0,00 

CCS Low Concentration 0,00 0,00 0,00 0,00 

Transport 0,00 0,00 0,00 0,00 

Storage 0,00 0,00 0,00 0,00 
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The value of the annualized specific investment cost (CAPEX) is calculated according to equa-

tion (3). The discount rate is 10% (chapter 4.1.4). Together with the lifetimes of the technolo-

gies the following values can be calculated for the annualized specific CAPEX: 

 
Table 14: Specific annualized CAPEX of technologies in the chemical industry 

Sector  Process Technology Lifetime 2015 2030 2050 

        EUR/t_product 

Chemicals 

HVC Pro-
duction 

Steam Cracker 25 83,90 83,90 83,90 

Electro Cracker 18 131,13 112,78 83,34 

Methanol-to-Olefins (MTO) 20 82,98 82,98 82,98 

CCS 25 151,51 128,14 115,34 

Bionaphtha 25 83,90 83,90 83,90 

Bioethylene 20 72,15 72,15 72,15 

Ammonia 
Production 

Steam Reforming 25 144,22 144,22 144,22 

Electrolysis 25 91,14 91,14 91,14 

CCS 25 182,73 176,08 171,98 

Biomethane 25 144,22 144,22 144,22 

Chlorine 
Production 

Membrane Chlorine Alkali Electrolysis 25 67,67 67,67 67,67 

ODC Membrane Chlorine Alkali Electrolysis 25 89,33 76,83 69,48 

Side Pro-
cesses 

Methanol 
Production Electrolysis & CCU 25 102,55 102,55 102,55 

Hydrogen 
Production PEM Electrolysis 

6,85 - 
9,13 1.220,80 770,43 352,44 

CO2 Cap-
ture 

CCS High Concentration 25 4,41 4,41 4,41 

CCS Low Concentration 25 31,46 19,92 13,57 

Transport 25 8,81 6,51 5,51 

Storage 25 6,61 6,61 6,61 
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A 2.3.  Production Cost – Steel Industry Technologies 

For confidentiality reasons, the production costs in the steel industry cannot be provided at 

the same level of detail as in the chemical industry. Therefore, the production cost of steel 

production technologies is given on an aggregated level. Only the emission cost is presented 

separately as it is a result of the assumed CO2 prices and the calculated emissions. 

 
Table 15: Production cost of technologies in the steel industry 

Sector  Process Technology 2015 2030 2050 
Cost 

change 
 ('15 -'50) 

      EUR/t_product   

Steel 
Crude  
Steel  

Production 

BF/BOF 344,80 461,69 570,36 65% 

BF/BOF with top gas recovery     

BF/BOF with top gas recovery and CCS     

HIsarna with CCS     

BF/BOF with Carbon2Chem     

BF/BOF with Steelanol     

Direct reduction with NG and EAF (Midrex) 425,40 469,49 482,26 13% 

Direct reduction with H2 and EAF     

Secondary route with EAF 398,32 406,98 397,34 0% 

 

 
Table 16: Emission cost of technologies in the steel industry 

Sector  Process Technology 2015 2030 2050 
Cost in-
crease 

 ('15 -'50) 

      EUR/t_product 

Steel 
Crude 

Steel Pro-
duction 

BF/BOF 10,51 142,04 263,52 253,01 

BF/BOF with top gas recovery     

BF/BOF with top gas recovery and CCS     

HIsarna with CCS     

BF/BOF with Carbon2Chem     

BF/BOF with Steelanol     

Direct reduction with NG and EAF (Midrex) 3,38 45,74 84,86 81,48 

Direct reduction with H2 and EAF     

Secondary route with EAF 0,62 8,35 15,49 14,87 
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A 3 Results in Detail 

A 3.1. Pathways 

 
Table 17: ECO scenario, detailed diffusion level data 

 
 
Table 18: TECH scenario, detailed diffusion level data 

 
  

Process Year Steam Cracker Electro Cracker MTO CCS Bionaptha Bioethylene

HVC Production 2015 100,00% 0,00% 0,00% 0,00% 0,00% 0,00%

HVC Production 2020 100,00% 0,00% 0,00% 0,00% 0,00% 0,00%

HVC Production 2025 99,41% 0,00% 0,00% 0,00% 0,59% 0,00%

HVC Production 2030 92,82% 0,00% 0,00% 0,00% 7,18% 0,00%

HVC Production 2035 48,24% 44,83% 0,00% 0,00% 6,92% 0,00%

HVC Production 2040 28,36% 64,95% 0,00% 0,00% 6,69% 0,00%

HVC Production 2045 3,26% 62,88% 0,00% 27,38% 6,48% 0,00%

HVC Production 2050 0,00% 37,57% 0,00% 57,14% 5,30% 0,00%

Process Year Steam Reforming Electrolysis CCS Biomethane

Ammonia Production 2015 100,00% 0,00% 0,00% 0,00%

Ammonia Production 2020 100,00% 0,00% 0,00% 0,00%

Ammonia Production 2025 100,00% 0,00% 0,00% 0,00%

Ammonia Production 2030 82,85% 0,00% 17,15% 0,00%

Ammonia Production 2035 45,01% 0,00% 54,99% 0,00%

Ammonia Production 2040 44,48% 0,00% 55,52% 0,00%

Ammonia Production 2045 9,31% 0,00% 90,69% 0,00%

Ammonia Production 2050 0,00% 0,00% 100,00% 0,00%

Process Year
Standard 

Membrane
ODC

Chlorine Production 2015 100,00% 0,00%

Chlorine Production 2020 100,00% 0,00%

Chlorine Production 2025 81,23% 18,77%

Chlorine Production 2030 53,44% 46,56%

Chlorine Production 2035 24,46% 75,54%

Chlorine Production 2040 12,30% 87,70%

Chlorine Production 2045 10,49% 89,51%

Chlorine Production 2050 0,00% 100,00%

Process Year BF/BOF
BF/BOF with top 

gas recovery

BF/BOF with top gas 

recovery and CCS
HIsarna with CCS

BF/BOF with 

Carbon2Chem

BF/BOF with 

Steelanol

DRI with NG and 

EAF (Midrex)

DRI with H2 and 

EAF

Secondary route 

with EAF

Raw Steel Production 2015 68,91% 0,00% 0,00% 0,00% 0,00% 0,00% 2,35% 0,00% 28,73%

Raw Steel Production 2020 68,66% 2,07% 0,00% 0,00% 0,00% 0,00% 2,35% 0,00% 26,93%

Raw Steel Production 2025 69,47% 2,13% 0,00% 0,00% 0,00% 0,00% 2,41% 0,00% 25,99%

Raw Steel Production 2030 47,82% 2,19% 0,00% 0,00% 0,00% 27,30% 2,48% 0,00% 20,20%

Raw Steel Production 2035 24,33% 2,25% 0,00% 0,00% 0,00% 55,20% 0,00% 0,00% 18,22%

Raw Steel Production 2040 0,00% 0,00% 0,00% 0,00% 0,00% 85,84% 0,00% 0,00% 14,16%

Raw Steel Production 2045 0,00% 0,00% 0,00% 0,00% 0,00% 90,21% 0,00% 0,00% 9,79%

Raw Steel Production 2050 0,00% 0,00% 0,00% 0,00% 0,00% 94,63% 0,00% 0,00% 5,37%

Process Year Steam Cracker Electro Cracker MTO CCS Bionaptha Bioethylene

HVC Production 2015 100,00% 0,00% 0,00% 0,00% 0,00% 0,00%

HVC Production 2020 98,55% 0,00% 0,00% 0,00% 0,00% 1,45%

HVC Production 2025 95,64% 0,00% 0,00% 0,00% 0,00% 4,36%

HVC Production 2030 89,16% 0,00% 0,00% 0,00% 1,15% 9,69%

HVC Production 2035 44,71% 0,00% 0,00% 44,83% 1,11% 9,35%

HVC Production 2040 24,94% 0,00% 0,00% 64,36% 1,07% 9,62%

HVC Production 2045 1,19% 0,00% 0,00% 88,73% 1,04% 9,04%

HVC Production 2050 0,00% 0,00% 3,99% 85,99% 0,53% 9,50%

Process Year Steam Reforming Electrolysis CCS Biomethane

Ammonia Production 2015 100,00% 0,00% 0,00% 0,00%

Ammonia Production 2020 100,00% 0,00% 0,00% 0,00%

Ammonia Production 2025 100,00% 0,00% 0,00% 0,00%

Ammonia Production 2030 82,85% 0,00% 0,00% 17,15%

Ammonia Production 2035 45,01% 0,00% 37,68% 17,32%

Ammonia Production 2040 44,48% 0,00% 38,04% 17,48%

Ammonia Production 2045 9,31% 34,70% 38,36% 17,63%

Ammonia Production 2050 0,00% 47,84% 34,38% 17,78%

Process Year
Standard 

Membrane
ODC

Chlorine Production 2015 100,00% 0,00%

Chlorine Production 2020 100,00% 0,00%

Chlorine Production 2025 81,23% 18,77%

Chlorine Production 2030 53,44% 46,56%

Chlorine Production 2035 24,46% 75,54%

Chlorine Production 2040 12,30% 87,70%

Chlorine Production 2045 10,49% 89,51%

Chlorine Production 2050 0,00% 100,00%

Process Year BF/BOF
BF/BOF with top 

gas recovery

BF/BOF with top gas 

recovery and CCS
HIsarna with CCS

BF/BOF with 

Carbon2Chem

BF/BOF with 

Steelanol

DRI with NG and 

EAF (Midrex)

DRI with H2 and 

EAF

Secondary route 

with EAF

Raw Steel Production 2015 68,91% 0,00% 0,00% 0,00% 0,00% 0,00% 2,35% 0,00% 28,73%

Raw Steel Production 2020 68,66% 0,00% 0,00% 0,00% 0,00% 0,00% 2,35% 0,00% 29,00%

Raw Steel Production 2025 69,47% 0,00% 0,00% 0,00% 0,00% 0,00% 2,41% 0,00% 28,12%

Raw Steel Production 2030 47,82% 0,00% 0,00% 0,00% 0,00% 0,00% 2,48% 9,69% 40,01%

Raw Steel Production 2035 24,33% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 28,23% 47,44%

Raw Steel Production 2040 0,00% 0,00% 0,00% 21,05% 0,00% 0,00% 0,00% 29,05% 49,90%

Raw Steel Production 2045 0,00% 0,00% 0,00% 20,38% 0,00% 0,00% 0,00% 31,64% 47,99%

Raw Steel Production 2050 0,00% 0,00% 0,00% 20,04% 0,00% 0,00% 0,00% 32,19% 47,78%
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A 3.2. Energy demand 

 

A 3.2.1 Total 

 

FREEZE Scenario 

 
Table 19: Freeze Scenario: Absolute energy consumption by sources in both industries - Data 

 
Comment: “Total” sums up all modelled years. 

 

 

 
Figure 31: Freeze Scenario: Absolute energy consumption by sources in both industries 

  

[GJ] [PJ]

Energy source 2015 2020 2025 2030 2035 2040 2045 2050 TOTAL

Naphtha 500.217.851,21 500.920.830,10 509.676.165,87 518.374.791,48 530.891.811,83 543.287.622,56 555.147.961,29 566.927.150,52 18.993,08

Bio-Naphtha 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00

Electricity_Purchased 65.657.425,49 64.318.959,39 61.740.332,53 59.327.023,07 56.704.918,68 54.230.648,73 52.119.333,36 50.112.981,20 2.089,25

Electricity_Self-Produced 60.241.941,50 58.276.233,21 54.951.291,40 51.843.741,16 48.811.028,27 45.966.685,97 43.640.888,47 41.445.919,32 1.822,09

Natural_Gas 154.962.102,28 167.671.141,55 159.476.057,22 151.720.563,32 145.598.183,27 139.811.568,68 134.815.378,71 130.077.616,06 5.356,43

Hydrogen -13.835.203,40 -13.999.459,71 -14.123.028,67 -14.246.597,64 -14.168.236,83 -14.089.876,02 -13.987.404,20 -13.884.932,37 -506,23

Methanol 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00

Steam -14.789.858,59 -16.713.125,30 -16.957.502,66 -17.208.535,29 -17.671.173,43 -18.130.099,85 -18.500.605,55 -18.875.470,86 -627,68

Biogas_Gasification 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00

Bioethanol 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00

Biodiesel 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00

Biogas_Digestion 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00

Biomass 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00

Coal 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00

Coking_Coal 388.578.366,00 370.920.070,26 343.000.172,70 316.926.039,89 293.132.838,91 270.910.596,62 253.285.385,33 236.737.074,96 11.112,90

Ethanol 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00

Hard_Coal 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00

Light_Heating_Oil 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00

Heavy_Heating_Oil 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00

Lignite 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00

Mineral_Oil 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00

PCI_Coal 146.721.191,15 140.053.691,33 129.511.569,11 119.666.379,16 110.682.433,85 102.291.658,28 95.636.650,64 89.388.264,16 4.196,06

Grey Hydrogen 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00

Produced_gases -17.073.897,90 -16.298.003,09 -15.071.219,71 -13.925.538,12 -12.880.079,29 -11.903.647,43 -11.129.206,33 -10.402.083,60 -488,29

Petroleum_Coke 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00

Alternative_Fuels 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00
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ECO – Scenario  

 

Comment: Detailed information on the energy consumption of both industries in the ECO 

scenario cannot be provided, as the specific energy consumption of some of the decarboni-

zation technologies in the steel industry is confidential.   



 

53 
 

 

TECH – Scenario 

 

 
Table 20: TECH Scenario: Absolute energy consumption by sources in both industries - Data 

 
Comment: “Total” sums up all modelled years. 

 

 

 
Figure 32: TECH Scenario: Absolute energy consumption by sources in both industries 

  

[GJ] [PJ]

Energy source 2015 2020 2025 2030 2035 2040 2045 2050 TOTAL

Naphtha 500.217.851,21 493.666.254,57 487.435.751,36 467.548.038,59 480.659.846,08 490.420.364,27 504.393.370,55 490.169.963,01 17.558,34

Bio-Naphtha 0,00 0,00 0,00 595.764,84 588.793,06 582.162,96 575.857,80 299.130,04 11,99

Electricity_Purchased 65.657.425,49 64.683.066,44 60.035.013,56 73.640.717,08 91.773.045,12 92.446.269,46 92.706.045,50 88.125.805,88 2.816,34

Electricity_Self-Produced 60.241.941,50 58.162.655,51 54.715.687,52 39.099.873,38 27.827.268,31 15.860.961,51 17.675.306,64 17.124.774,93 1.310,32

Natural_Gas 154.962.102,28 167.733.380,78 159.483.288,31 137.868.702,73 129.644.526,36 138.328.507,80 95.204.078,26 77.019.606,15 4.874,61

Hydrogen -13.835.203,40 -13.999.459,71 -11.472.397,79 18.407.700,46 66.674.477,10 64.969.560,15 89.558.618,05 123.361.150,47 1.272,12

Methanol 0,00 0,00 0,00 0,00 0,00 0,00 0,00 23.863.002,86 57,44

Steam -14.789.858,59 -16.557.593,04 -16.298.444,81 -18.352.390,06 -21.229.139,72 -23.749.672,65 -16.811.641,50 -13.297.362,21 -652,95

Biogas_Gasification 0,00 0,00 0,00 19.922.539,55 19.513.545,37 19.124.595,98 18.754.708,98 18.402.950,12 442,01

Bioethanol 0,00 5.910.085,99 18.350.197,07 41.954.746,32 41.954.746,32 44.690.744,17 43.359.941,59 47.005.183,44 1.161,19

Biodiesel 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00

Biogas_Digestion 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00

Biomass 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00

Coal 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00

Coking_Coal 388.578.366,00 369.534.159,67 345.769.281,30 219.925.714,90 103.503.051,25 0,00 0,00 0,00 6.422,10

Ethanol 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00

Hard_Coal 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00

Light_Heating_Oil 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00

Heavy_Heating_Oil 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00

Lignite 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00

Mineral_Oil 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00

PCI_Coal 146.721.191,15 139.583.716,34 130.448.989,15 86.368.886,56 45.406.000,75 91.896.639,14 83.390.480,48 76.753.559,43 3.706,62

Grey Hydrogen 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00

Produced_gases -17.073.897,90 -16.237.107,02 -15.192.892,66 -9.663.402,62 -4.547.861,34 0,00 0,00 0,00 -282,18

Petroleum_Coke 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00

Alternative_Fuels 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00

0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00

0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00

0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00

0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00

TOTAL 1.270.679.917,75 1.252.479.159,55 1.213.274.472,99 1.077.316.891,72 981.768.298,66 934.570.132,79 928.806.766,34 948.827.764,13
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A 3.2.2 Chemical Industry  

 

 

 

FREEZE Scenario 

 
Table 21: FREEZE Scenario: Absolute energy consumption by sources in the chemical industry - Data 

 
Comment: “Total” sums up all modelled years. 

 

 

 

 
Figure 33: FREEZE Scenario: Absolute energy consumption by sources in the chemical industry 

  

[GJ] [PJ]

Energy source 2015 2020 2025 2030 2035 2040 2045 2050 TOTAL

Naphtha 500.217.851,21 500.920.830,10 509.676.165,87 518.374.791,48 530.891.811,83 543.287.622,56 555.147.961,29 566.927.150,52 18.993,08

Bio-Naphtha 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00

Electricity_Purchased 31.775.017,59 31.976.281,01 31.832.152,41 31.692.398,25 31.144.961,45 30.608.378,06 30.033.907,38 29.470.498,66 1.120,25

Electricity_Self-Produced 14.907.798,80 15.002.225,01 14.934.604,59 14.869.036,51 14.612.197,07 14.360.449,70 14.090.926,84 13.826.593,90 525,58

Natural_Gas 111.328.289,43 126.020.194,55 120.960.260,53 116.132.654,36 112.682.034,17 109.390.775,07 106.373.735,87 103.494.197,82 4.108,55

Hydrogen -13.835.203,40 -13.999.459,71 -14.123.028,67 -14.246.597,64 -14.168.236,83 -14.089.876,02 -13.987.404,20 -13.884.932,37 -506,23

Methanol 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00

Steam -25.338.524,64 -26.782.424,82 -26.268.865,80 -25.812.068,71 -25.628.797,16 -25.484.460,42 -25.376.497,73 -25.302.129,06 -929,36
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ECO – Scenario  

 

 

 
Table 22: ECO Scenario: Absolute energy consumption by sources in the chemical industry - Data 

 
 

 

 

 

 

 
Figure 34: ECO Scenario: Absolute energy consumption by sources in the chemical industry 

 

  

[GJ] [PJ]

Energy source 2015 2020 2025 2030 2035 2040 2045 2050 TOTAL

Naphtha 500.217.851,21 500.920.830,10 509.374.617,91 514.655.051,98 472.528.608,96 461.670.745,58 477.392.348,43 520.438.973,28 17.662,09

Bio-Naphtha 0,00 0,00 301.547,96 3.719.739,51 3.676.210,20 3.634.814,26 3.595.447,14 3.002.346,95 87,81

Electricity_Purchased 31.775.017,59 31.976.281,01 30.338.596,36 28.243.354,00 69.743.836,54 86.962.189,54 86.907.452,72 63.688.452,78 2.021,16

Electricity_Self-Produced 14.907.798,80 15.002.225,01 14.233.876,95 13.250.857,77 12.195.648,19 11.530.508,30 12.939.314,81 13.558.835,39 481,65

Natural_Gas 111.328.289,43 126.020.194,55 120.960.260,53 116.132.654,36 112.682.034,17 109.390.775,07 106.373.735,87 103.494.197,82 4.108,55

Hydrogen -13.835.203,40 -13.999.459,71 -11.472.397,79 -7.613.626,23 -3.465.997,22 -1.733.333,03 -1.466.604,89 0,00 -244,14

Methanol 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00

Steam -25.338.524,64 -26.782.424,82 -26.268.865,80 -25.812.068,71 -19.158.269,31 -15.782.166,77 -15.674.204,08 -19.319.728,12 -772,35

Biogas_Gasification 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00

Bioethanol 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00
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TECH – Scenario 

 

 
Table 23: TECH Scenario: Absolute energy consumption by sources in the chemical industry - Data 

 
Comment: “Total” sums up all modelled years. 

 

 

 

 
Figure 35: TECH Scenario: Absolute energy consumption by sources in the chemical industry 

  

[GJ] [PJ]

Energy source 2015 2020 2025 2030 2035 2040 2045 2050 TOTAL

Naphtha 500.217.851,21 493.666.254,57 487.435.751,36 467.548.038,59 480.659.846,08 490.420.364,27 504.393.370,55 490.169.963,01 17.558,34

Bio-Naphtha 0,00 0,00 0,00 595.764,84 588.793,06 582.162,96 575.857,80 299.130,04 11,99

Electricity_Purchased 31.775.017,59 32.078.828,37 30.641.390,45 28.650.491,36 33.574.191,48 33.806.622,81 37.673.783,16 36.500.360,11 1.195,91

Electricity_Self-Produced 14.907.798,80 15.050.336,88 14.375.938,03 13.441.873,30 15.751.912,33 15.860.961,51 17.675.306,64 17.124.774,93 561,08

Natural_Gas 111.328.289,43 126.020.194,55 120.960.260,53 96.210.114,81 93.168.488,80 90.266.179,09 50.704.750,45 35.580.264,53 3.361,99

Hydrogen -13.835.203,40 -13.999.459,71 -11.472.397,79 -7.613.626,23 -3.465.997,22 -1.733.333,03 21.646.373,38 58.777.281,52 13,34

Methanol 0,00 0,00 0,00 0,00 0,00 0,00 0,00 23.863.002,86 57,44

Steam -25.338.524,64 -26.592.316,54 -25.678.599,56 -24.462.520,77 -24.279.249,22 -24.046.904,31 -17.078.864,88 -13.546.034,53 -832,65

Biogas_Gasification 0,00 0,00 0,00 19.922.539,55 19.513.545,37 19.124.595,98 18.754.708,98 18.402.950,12 442,01

Bioethanol 0,00 5.910.085,99 18.350.197,07 41.954.746,32 41.954.746,32 44.690.744,17 43.359.941,59 47.005.183,44 1.161,19
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A 3.2.3 Steel Industry 

 

FREEZE Scenario 

 

 

 
Table 24: FREEZE Scenario: Absolute energy consumption by sources in the steel industry - Data 

 
Comment: “Total” sums up all modelled years. 

 

 

 

 
Figure 36: FREEZE Scenario: Absolute energy consumption by sources in the steel industry 

  

[GJ] [PJ]

Energy source 2015 2020 2025 2030 2035 2040 2045 2050 TOTAL

Naphtha 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00

Bio-Naphtha 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00

Electricity_Purchased 33.882.407,90 32.342.678,38 29.908.180,12 27.634.624,82 25.559.957,23 23.622.270,67 22.085.425,98 20.642.482,55 969,00

Electricity_Self-Produced 45.334.142,70 43.274.008,20 40.016.686,81 36.974.704,65 34.198.831,21 31.606.236,27 29.549.961,62 27.619.325,41 1.296,50

Natural_Gas 43.633.812,85 41.650.947,00 38.515.796,69 35.587.908,96 32.916.149,10 30.420.793,61 28.441.642,84 26.583.418,24 1.247,88

Hydrogen 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00

Methanol 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00

Steam 10.548.666,05 10.069.299,52 9.311.363,15 8.603.533,42 7.957.623,73 7.354.360,57 6.875.892,17 6.426.658,21 301,68

Biogas_Gasification 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00

Bioethanol 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00

Biodiesel 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00

Biogas_Digestion 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00

Biomass 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00

Coal 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00

Coking_Coal 388.578.366,00 370.920.070,26 343.000.172,70 316.926.039,89 293.132.838,91 270.910.596,62 253.285.385,33 236.737.074,96 11.112,90

Ethanol 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00

Hard_Coal 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00

Light_Heating_Oil 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00

Heavy_Heating_Oil 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00

Lignite 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00

Mineral_Oil 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00

PCI_Coal 146.721.191,15 140.053.691,33 129.511.569,11 119.666.379,16 110.682.433,85 102.291.658,28 95.636.650,64 89.388.264,16 4.196,06

Grey Hydrogen 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00

Produced_gases -17.073.897,90 -16.298.003,09 -15.071.219,71 -13.925.538,12 -12.880.079,29 -11.903.647,43 -11.129.206,33 -10.402.083,60 -488,29



 

58 
 

 

ECO Scenario 

 

Comment: Detailed information on the energy consumption of the steel industry in the ECO 

scenario cannot be provided, as the specific energy consumption of some of the decarboni-

zation technologies in the steel industry is confidential.  

 

TECH Scenario 

 

 
Table 25: TECH Scenario: Absolute energy consumption by sources in the steel industry - Data 

 
Comment: “Total” sums up all modelled years. 

 

 

 
Figure 37: TECH Scenario: Absolute energy consumption by sources in the steel industry 

  

[GJ] [PJ]

Energy source 2015 2020 2025 2030 2035 2040 2045 2050 TOTAL

Naphtha 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00

Bio-Naphtha 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00

Electricity_Purchased 33.882.407,90 32.604.238,07 29.393.623,10 44.990.225,72 58.198.853,64 58.639.646,65 55.032.262,34 51.625.445,77 1.620,44

Electricity_Self-Produced 45.334.142,70 43.112.318,63 40.339.749,48 25.658.000,07 12.075.355,98 0,00 0,00 0,00 749,24

Natural_Gas 43.633.812,85 41.713.186,23 38.523.027,78 41.658.587,92 36.476.037,56 48.062.328,71 44.499.327,81 41.439.341,62 1.512,62

Hydrogen 0,00 0,00 0,00 26.021.326,69 70.140.474,32 66.702.893,18 67.912.244,67 64.583.868,95 1.258,78

Methanol 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00

Steam 10.548.666,05 10.034.723,51 9.380.154,75 6.110.130,72 3.050.109,50 297.231,66 267.223,38 248.672,32 179,70

Biogas_Gasification 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00

Bioethanol 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00

Biodiesel 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00

Biogas_Digestion 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00

Biomass 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00

Coal 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00

Coking_Coal 388.578.366,00 369.534.159,67 345.769.281,30 219.925.714,90 103.503.051,25 0,00 0,00 0,00 6.422,10

Ethanol 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00

Hard_Coal 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00

Light_Heating_Oil 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00

Heavy_Heating_Oil 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00

Lignite 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00

Mineral_Oil 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00

PCI_Coal 146.721.191,15 139.583.716,34 130.448.989,15 86.368.886,56 45.406.000,75 91.896.639,14 83.390.480,48 76.753.559,43 3.706,62

Grey Hydrogen 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00

Produced_gases -17.073.897,90 -16.237.107,02 -15.192.892,66 -9.663.402,62 -4.547.861,34 0,00 0,00 0,00 -282,18
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A 3.3. Emissions 

A 3.3.1 Calculation of the Emission Reduction 

In order to derive the emission reduction of the annual emissions in comparison to the annual 

emission in 1990, the statistical value of the annual emissions of the two assessed industry 

branches in 1990 is adapted to the scope of the modelled emissions. This is done by compar-

ing the statistical annual emissions in 2017 with the modelled annual emissions in 2017.  

Based on the ratio of the statistical to the modelled emissions, the statistical value of 1990 is 

proportionally increased or decreased. The calculation can be retraced in Table 26. 

 
Table 26: Calculation of reference emissions for the calculation of the emission reduction in the model 

Parameter Value Unit Reference  

Chemical Industry 

Statistical absolute emissions 2017 44,4 Mt (VCI, 2018a) 

Statistical absolute emissions 1990 65,4 Mt (VCI, 2018a)  

Modelled emissions 2017  
(base case, according to Figure 5) 

33,5 Mt   

Modelled emissions 2017 
(source principle, according to Figure 52) 

22,6 Mt   

Share of modelled emissions 2017 
(base case, according to Figure 5) 

76 %  

Share modelled emissions 2017  
(source principle, according to Figure 52) 

51 %  

Adjusted emissions 1990  
(base case, according to Figure 5) 

49,4 Mt  

Adjusted emissions 1990  
(source principle, according to Figure 52) 

33,3 Mt  

Steel Industry 

Statistical absolute emissions 2017 55,2 Mt (Umweltbundesamt, 2019b) 

Statistical absolute emissions 1990 70,0 Mt (Statista, 2013) 
Modelled emissions 2017  
(base case, according to Figure 5) 

74,0 Mt   

Modelled emissions 2017 
(source principle, according to Figure 52) 

56,0 Mt   

Share of modelled emissions 2017 
(base case, according to Figure 5) 

134 %   

Share modelled emissions 2017  
(source principle, according to Figure 52) 

101 % 
 

Adjusted emissions 1990  
(base case, according to Figure 5) 

93,8 Mt   

Adjusted emissions 1990  
(source principle, according to Figure 52) 

70,97 Mt   
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A 3.3.2 Absolute Overall Emission 

 

FREEZE Scenario 

 

 
Table 27: FREEZE Scenario: Absolute annual emissions of both industries - Data 

 
 

 

 

 

 
Figure 38: FREEZE Scenario: Absolute annual emissions of both industries 

  

Parameter 2015 2020 2025 2030 2035 2040 2045 2050

TOTAL Chemical Industry [Mt] 33,48 33,54 32,19 30,86 30,29 29,74 29,62 29,51

TOTAL Steel Industry [Mt] 75,81 71,56 65,12 59,19 54,32 49,81 46,55 43,49

Emission reduction [%] 0% 4% 11% 18% 23% 27% 30% 33%
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ECO Scenario 

 

 

 

Comment: Detailed information on the absolute overall emissions of both industries in the 

ECO scenario cannot be provided, as the specific emissions of some of the decarbonization 

technologies in the steel industry are confidential.  
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TECH Scenario 

 

 

 

 
Table 28: TECH Scenario: Absolute annual emissions of both industries - Data 

 
 

 

 

 

 

 
Figure 39: TECH Scenario: Absolute annual emissions of both industries 

 

  

Parameter 2015 2020 2025 2030 2035 2040 2045 2050

TOTAL Chemical Industry [Mt] 33,48 33,18 30,90 26,84 19,15 16,05 10,77 9,21

TOTAL Steel Industry [Mt] 75,81 71,37 65,53 46,60 28,14 10,60 9,30 8,05

Emission reduction [%] 0,00% 4,33% 11,76% 32,80% 56,72% 75,62% 81,64% 84,21%
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A 3.3.3 Absolute Emissions Chemical sector 

 

FREEZE Scenario 

 

 

 

 
Table 29: FREEZE Scenario: Absolute annual emissions of chemical industry by technology - Data 

 
 

 

 

 

 
Figure 40: FREEZE Scenario: Absolute annual emissions of chemical industry by technology 

  

Technology 2015 2020 2030 2035 2040 2045 2050

HVC Steam Cracker [t] 19.770.246,48 19.620.858,92 19.951.134,13 20.258.846,22 20.558.537,37 20.835.123,91 21.106.340,45

Ammonia Steam Reformer [t] 7.957.192,83 8.956.535,30 8.140.209,31 7.869.865,16 7.613.821,10 7.395.891,61 7.188.344,26

Chlorine Membrane Electrolysis [t] 5.751.347,00 4.959.214,38 2.765.358,10 2.156.545,03 1.565.786,04 1.390.240,47 1.220.193,16

TOTAL Chemical Industry [Mt] 33,48 33,54 30,86 30,29 29,74 29,62 29,51

Emission reduction Chemical Industry [%] 0,00% -0,17% 7,83% 9,54% 11,17% 11,52% 11,84%
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ECO Scenario 

 

 

 
Table 30: ECO Scenario: Absolute annual emissions of chemical industry by technology - Data  

 
 

 

 

 

 

 
Figure 41: ECO Scenario: Absolute annual emissions of chemical industry by technology 

  

Technology 2015 2020 2025 2030 2035 2040 2045 2050

HVC Steam Cracker [t] 19.770.246,48 19.620.858,92 19.670.798,70 18.519.486,16 9.773.206,46 5.829.747,59 680.084,43 0,00

HVC Electro Cracker [t] 0,00 0,00 0,00 0,00 6.744.884,05 8.835.522,77 8.498.487,45 5.051.741,65

HVC Methanol-to-Olefins (MTO) [t] 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00

HVC CCS [t] 0,00 0,00 0,00 0,00 0,00 0,00 2.428.870,98 5.069.776,40

HVC Bionaphtha [t] 0,00 0,00 93.288,46 1.136.994,23 1.110.438,43 1.085.184,12 1.061.167,53 876.169,94

HVC Bioethylene [t] 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00

Ammonia Steam Reforming [t] 7.957.192,83 8.956.535,30 8.536.200,95 6.743.757,61 3.541.927,30 3.386.682,79 688.399,64 0,00

Ammonia Electrolysis [t] 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00

Ammonia CCS [t] 0,00 0,00 0,00 417.076,66 1.265.270,47 1.210.297,03 1.907.887,38 2.031.816,18

Ammonia Biomethane [t] 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00

Chlorine Membrane Electrolysis [t] 5.751.347,00 4.959.214,38 3.136.406,18 1.477.854,82 527.558,88 192.622,61 145.769,25 0,00

Chlorine ODC [t] 0,00 0,00 534.576,71 949.797,50 1.201.711,10 1.012.989,42 918.052,53 900.142,50

TOTAL Chemical Industry [Mt] 33,48 33,54 31,97 29,24 24,16 21,55 16,33 13,93

Emission reduction Chemical Industry [%] 0,00% -0,17% 4,50% 12,65% 27,82% 35,62% 51,23% 58,39%
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TECH Scenario 

 

 

 
Table 31: TECH Scenario: Absolute annual emissions of chemical industry by technology - Data 

 
 

 

 

 
Figure 42: TECH Scenario: Absolute annual emissions of chemical industry by technology 

  

Technology 2015 2020 2025 2030 2035 2040 2045 2050

HVC Steam Cracker [t] 19.770.246,48 19.336.700,24 18.924.402,08 17.788.554,00 9.056.980,86 5.127.507,77 247.836,84 0,00

HVC Electro Cracker [t] 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00

HVC Methanol-to-Olefins (MTO) [t] 0,00 0,00 0,00 0,00 0,00 0,00 0,00 176.966,22

HVC CCS [t] 0,00 0,00 0,00 0,00 4.115.548,47 5.727.341,04 7.870.833,14 7.629.754,84

HVC Bionaphtha [t] 0,00 0,00 0,00 182.104,47 177.851,21 173.806,40 169.959,83 87.294,62

HVC Bioethylene [t] 0,00 -69.870,14 -233.280,49 -567.666,67 -588.478,30 -647.316,75 -638.255,58 -702.283,87

Ammonia Steam Reforming [t] 7.957.192,83 8.956.535,30 8.536.200,95 6.743.757,61 3.541.927,30 3.386.682,79 688.399,64 0,00

Ammonia Electrolysis [t] 0,00 0,00 0,00 0,00 0,00 0,00 321.424,52 189.058,74

Ammonia CCS [t] 0,00 0,00 0,00 0,00 866.841,28 829.178,78 806.951,55 698.517,97

Ammonia Biomethane [t] 0,00 0,00 0,00 264.164,53 253.810,12 244.174,44 238.052,44 232.282,33

Chlorine Membrane Electrolysis [t] 5.751.347,00 4.959.214,38 3.136.406,18 1.477.854,82 527.558,88 192.622,61 145.769,25 0,00

Chlorine ODC [t] 0,00 0,00 534.576,71 949.797,50 1.201.711,10 1.012.989,42 918.052,53 900.142,50

TOTAL Chemical Industry [Mt] 33,48 33,18 30,90 26,84 19,15 16,05 10,77 9,21

Emission reduction Chemical Industry [%] 0,00% 0,88% 7,71% 19,83% 42,79% 52,07% 67,83% 72,48%
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A 3.3.4 Absolute Emissions Steel Sector 

 

 

FREEZE Scenario 

 

 
Table 32: FREEZE Scenario: Absolute annual emissions of steel industry by technology - Data 

 
 

 

 

 
Figure 43: FREEZE Scenario: Absolute annual emissions of steel industry by technology 

  

Technology 2015 2020 2030 2035 2040 2045 2050

Blast Furnace and Basic Oxygen Furnace (BF/BOF) [t] 67.667.270,29 64.622.208,72 55.205.863,49 51.095.976,43 47.253.655,92 44.243.812,39 41.415.842,69

Direct reduction with NG and EAF (Midrex) [t] 1.330.786,94 1.196.485,30 846.357,11 742.476,40 649.000,53 601.077,97 556.681,02

Secondary route with EAF [t] 6.808.155,13 5.744.482,94 3.133.273,44 2.478.516,74 1.903.629,02 1.700.648,21 1.516.666,75

TOTAL Steel Industry [Mt] 75,81 71,56 59,19 54,32 49,81 46,55 43,49

Emission reduction Steel Industry [%] 0% 6% 22% 28% 34% 39% 43%
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ECO Scenario 

 

Comment: Detailed information on the absolute overall emissions of the steel industry in the 

ECO scenario cannot be provided, as the specific emissions of some of the decarbonization 

technologies in the steel industry are confidential.  

 

 

TECH Scenario 

 

Comment: Detailed information on the absolute overall emissions of the steel industry in the 

TECH scenario cannot be provided, as the specific emissions of some of the decarbonization 

technologies in the steel industry are confidential.  
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A 3.3.5 Specific Emissions 

 

 

ECO Scenario 

 

 

 
Table 33: ECO Scenario: Specific annual emission of production – Data 

 
 

 

 
Figure 44: ECO Scenario: Specific annual emission of production 

 

  

[tCO2/t_product]

Sector Process 2015 2020 2025 2030 2035 2040 2045 2050

Chemistry HVC_Production 2,29 2,24 2,19 2,12 1,83 1,58 1,23 1,04

Chemistry Ammonia_Production 2,76 2,68 2,61 2,23 1,51 1,46 0,83 0,66

Chemistry Chlorine_Production 1,42 1,21 0,89 0,58 0,42 0,29 0,26 0,22

Steel Steel_Production
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TECH Scenario 

 

 

 
Table 34: TECH Scenario: Specific annual emission of production - Data 

 
 

 

 

 
Figure 45: TECH Scenario: Specific annual emission of production 

  

[tCO2/t_product]

Sector Process 2015 2020 2025 2030 2035 2040 2045 2050

Chemistry HVC_Production 2,29 2,20 2,07 1,87 1,33 1,04 0,74 0,68

Chemistry Ammonia_Production 2,76 2,68 2,61 2,18 1,46 1,41 0,66 0,36

Chemistry Chlorine_Production 1,42 1,21 0,89 0,58 0,42 0,29 0,26 0,22

Steel Steel_Production 1,77 1,66 1,57 1,15 0,71 0,28 0,25 0,22



 

70 
 

 

A 3.4. Cost 

 

 

ECO Scenario 

 
Table 35: ECO Scenario: Specific production cost - Data 

 
 

 

 

 

 

 
Figure 46: ECO Scenario: Specific production cost 

 

 

 

  

Unit [EUR/t]

Sector Process 2015 2020 2025 2030 2035 2040 2045 2050

Chemistry HVC_Production 664,35 720,88 824,74 916,36 979,23 1.008,04 986,78 980,07

Chemistry Ammonia_Production 421,02 457,22 550,12 592,36 581,54 610,48 539,68 514,26

Chemistry Chlorine_Production 229,80 255,95 268,04 272,49 262,51 253,68 255,32 255,60

Steel Steel_Production
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TECH Scenario 

 

 

 

 

 
Table 36: TECH Scenario: Specific production cost - Data 

 
 

 

 

 

 

 
Figure 47: TECH Scenario: Specific production cost 

 

  

Unit [EUR/t]

Sector Process 2015 2020 2025 2030 2035 2040 2045 2050

Chemistry HVC_Production 664,35 735,58 888,46 1.068,39 1.146,85 1.198,73 1.153,83 1.199,64

Chemistry Ammonia_Production 421,02 457,22 550,12 656,36 631,91 647,54 620,72 588,12

Chemistry Chlorine_Production 229,80 255,95 268,04 272,49 262,51 253,68 255,32 255,60

Steel Steel_Production 362,08 391,74 419,59 451,16 463,61 418,85 415,79 410,75
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A 4 Additional Discussion 

A 4.1. Sensitivity Analysis: CAPEX Subsidy 

A parameter which could be altered by political measures, is the investment cost. The govern-

ment could incentivise the investment in new decarbonization technologies with a direct in-

vestment subsidy. The chosen support strategy is the coverage of a share of the investment 

by governmental bodies. The impact of such an investment subsidy on the emission reduction 

of both industries in 2050 in comparison to 1990 is tested. The results of the sensitivity analysis 

are visualized in Figure 48. As for the electricity price subsidy (chapter 7.2) the reduction of 

the CAPEX leads to a counterintuitive development of the emissions reduction. This effect is 

mainly due to an increased usage of the electro cracking technology in the HVC production. 

The CCS technology which plays an important role in the base case of the ECO scenario 

(compare Figure 17) starts being replaced by the electro cracking technology at a subsidy of 

only 1% and reaches the full replacement at 26%. Afterwards, as can be seen in Figure 48, 

the emission reduction is not affected anymore by the increase of the CAPEX subsidy up to a 

subsidy of 70%. Afterwards the share of the BF/BOF route with Steelanol in the steel industry 

is further increased against the secondary route which lowers the emissions savings even 

more.  

 

 
Figure 48: Sensitivity analysis of CAPEX subsidy 

 

A 4.2. Assessment of Resource Demand 

A 4.2.1 Electricity Demand 

In chapter 4.1.4 and A 1.5, it was mentioned that the availability of the resources can be a 

limiting factor to the proposed pathways. One of the limited resources is the available electric-

ity in the power system. The electricity demand of the proposed pathways is given in Table 5. 

It is calculated based on the overall electricity demand including self-produced electricity. Ta-

ble 37 shows in detail the electricity demand of the chemical and steel industry in 2050 for 

both investigated scenarios. 
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Table 37: Electricity demand of proposed pathways for both scenarios in 2050 

KPI Unit 

Baseline Scenario Scenario Scenario 

FREEZE  TECH ECO 

Both Chemicals Steel Both Chemicals Steel Both Chemicals Steel 

Electricity 
Purchased TWh 13,92 8,19 5,73 75,69 37,68 38,01 

 
22,82 

 

Electricity 
Self-Produced TWh 11,51 3,84 7,67 5,16 5,16 0,00  3,77  

 

From the overview in Table 37 one can learn that the maximum electricity demand of the 

proposed scenarios will be between 80 and 100 TWh and occurs in the ECO scenario. In 

Table 9 the industry electricity demand was estimated with 382,42 TWh for 2050. Based on 

this, the maximum electricity demand in the ECO scenario would represent 21 to 26 %.  

This stands in contrast to the situation at the beginning of the modelling period: In 2015 only 

18,24 TWh are consumed by the modelled processes of the chemical and steel industry. At 

that point the electricity demand represents 8% of the total industry demand (228 TWh in 

2015). Thus, the share of the modelled industry processes roughly triples in the modelled 

period.  

If the share would remain at 8% and the other industry branches would increase their electricity 

demand proportionally, a total electricity demand of 1169 TWh for all industry branches would 

result. This would by far surpass the value indicated in Table 9. However, most likely this will 

not be case. In general, the electricity demand of other industry branches is expected to de-

crease significantly, thanks to gains in the efficiency of the processes (Guminski et al., 2019). 

Based on the latest dena study, which was also the basis for the industry electricity demand 

used in this study, the efficiency gains until 2050 will reduce the overall energy use by up to 

33%. The same study explains that the overall increase of the electricity demand in the indus-

try will be mainly due to the electrification of chemical processes and the use of hydrogen (ewi 

Energy Research and Scenarios gGmbH, 2018). This shows, that an increased share of the 

investigated sectors in the electricity demand can be expected while others industry sectors 

reduce their shares. Hence, the proposed pathways can be considered as feasible.  

A 4.2.2 Biomass Demand 

Another limited resource next to electricity is biomass. This because for sustainably produced 

biomass the farm land is limited and many other sectors, like the building and transport sector, 

are using biomass. The biomass demand of the proposed pathways was calculated taking into 

account the biomass consumption of the power sector (see Table 5). For the following analy-

sis, only the biomass directly used in the investigated industry processes is evaluated.  

According to the section on biomass demand in chapter 6.2, the largest biomass demand 

occurs in the ECO scenario with XXX TWh of biomass solely based on the Steelanol process. 

In the TECH scenario the demand reaches only 18,2 TWh. At this point it should be mentioned, 

that the lower biomass demand in the TECH scenario is a result of the caps put on use of the 

bioethanol for HVC and biomethane for ammonia (mentioned in chapter 5.1.). According to 

Table 9 the expected biomass demand of the industry in 2050 is at 83,5 TWh. This is an 

increase of the biomass demand compared to 2015 by 42,5 TWh. In 2015 none of the ana-

lysed sectors has biomass demand. Thus, in ECO scenario a large share of the increase in 

the overall biomass demand of the whole industry would be caused by the changes in occur-

ring in the steel sector. This is rather unrealistic, as there will be biomass demand in other 

industry sectors as well. The biomass demand of the Steelanol process will realistically lead 

to a reduced roll out (in comparison to the proposed pathway) of the Steelanol technology. As 

the calculated biomass demand of the proposed pathways in the ECO scenario does not 
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surpass the estimated biomass demand of the overall industry (Table 9), the pathway is ac-

ceptable. However, it should be noted, that for further studies the diffusion level of the 

Steelanol process should be limited, as it is done for the bio and recycling technologies in the 

TECH scenario. 

A 4.2.3 CO2 Storage Capacity and CO2 Demand 

A limited resource which could potentially be a hurdle for the realization of the proposed path-

ways, is the storage capacity for CO2. According to Table 5 in the TECH scenario 288,54 Mt 

of CO2 need to be stored until 2050. The capacity for storing CO2 in Germany is estimated 

with 47 Gt. So, only 0,6% of the storage capacity would be used when realizing this scenario. 

Therefore, this limiting factor is not considered to be critical. However, it should be noted, that 

to enable the storage of CO2, transport infrastructure needs to be set up which requires large 

up-front investments. Without the transport infrastructure no CCS technologies can be imple-

mented. According to experts, currently, the most feasible option to transport CO2 to the stor-

age facilities is by ship. This requires the proximity of the plants using CCS to major rivers. 

Hence, the storage capacity might not be a limiting factor, but the availability of the needed 

infrastructure could be. 

Another factor which should be analysed, is the demand of CO2 as a building block for other 

materials. Based on the results from Table 5, the highest CCU use is happening in the ECO 

scenario. The CCU use in the ECO scenario is solely based on the Steelanol process where 

CO2 from the preceding blast furnace processes is used. Therefore, there will not be any 

shortage of CO2. The TECH scenario is also not critical, because the use of CCS starts much 

earlier than the use of CCU for the MTO process, and the extent to which CCU is used in the 

MTO process is very small in comparison to the large amounts of CO2 sequestered. 

A 4.3. Effect Efficiency Gains 

An important assumption for the model is that the processes will see continuous efficiency 

gains throughout the modelling period (for details see annex chapter A 10). To test how sen-

sitive the results are to these assumptions, the model outcome is calculated without consider-

ing any efficiency gains. The resulting KPIs are shown in Table 38. 

 
Table 38: Overview of KPIs of the different scenarios without efficiency gains 

 
 

Omitting the efficiency gains results in a reduction of the emission reductions (see Figure 50 

and Figure 51). This is naturally due to the larger consumption in the different processes which 

cause more emissions. However, the change in the consumption also leads to process 

changes which affect the emissions.  

Baseline Scenario Scenario Scenario

FREEZE TECH ECO

Both Chemicals Steel Both Chemicals Steel Both Chemicals Steel

Emission reduction in 2050 vs. 2015 

(based on annual emissions)
[%] 13% -1% 20% 82% 65% 89% 68% 49% 77%

Emission reduction in 2050 vs. 1990 

(based on annual emissions)
[%] 36% 32% 36% 87% 77% 92% 77% 66% 82%

Accumulated emissions 2015-2050 [MtCO2] 3.646 1.203 2.443 2.412 871 1.541 2.738 984 1.755

Specific cost change product HVC/Steel (2015-2050) [EUR/tProduct] - 598,15 258,62 - 701,77 121,05 - 375,39

Specific cost change product Ammonia (2015-2050) [EUR/tProduct] - 492,51 - - 235,38 - - 156,61

Specific cost change product Chlorine (2015-2050) [EUR/tProduct] - 58,50 - - 39,05 - - 39,05

Rel. cost change product HVC/Steel (2015-2050) [%] - 90% 71% - 106% 33% - 57%

Rel. cost change product Ammonia (2015-2050) [%] - 117% - - 56% - 37%

Rel. cost change product Chlorine (2015-2050) [%] - 25% - - 17% - 17%

Abatement Cost [EUR/tCO2] - - - -17,28 78,74 -52,62 -260,77 -161,73

Renewable Energy Share 2050 [%] 5% 4% 5% 44% 28% 83% 41% 23% 54%

Electricity Demand 2050 

(incl. electricity for hydrogen & methanol)
[TWh] 32,11 13,06 19,06 139,58 56,98 82,61 50,58

Biomass Demand 2050 [TWh] 0,64 0,34 0,31 23,99 20,87 3,12 2,69

Accumulated CCS 2050 [MtCO2] 0,00 0,00 0,00 236,64 230,03 6,61 83,05

Yearly CCU 2050 [MtCO2] 0,00 0,00 0,00 1,42 1,42 0,00 0,00

KPI Unit
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In the ECO scenario, considering no efficiency gains leads to more investments in the electro 

cracking technology which fully replaces the application of CCS technology in the HVC pro-

duction. This leads to significantly higher emissions and strongly affects the overall emission 

reduction (see Figure 50). All other pathways remain the same in the ECO scenario. Hence, 

in these cases the decrease in the emission reduction is only based on higher consumptions. 

 

In the TECH scenario without efficiency gains, the pathway in the steel industry changes con-

siderably putting more emphasis on DRI with hydrogen instead of HIsarna with CCS. Interest-

ingly this only leads to a shift of the emissions and leaves the overall emission practically 

unchanged. The resulting pathway is shown in Figure 49.  

 

 
Figure 49: TECH scenario, Steel production pathway, no efficiency gains 

Among the scenarios, the FREEZE scenario is affected the most. Since there are no changes 

in the infrastructure in the FREEZE scenario, all changes in the emissions come from effi-

ciency gains and from the decarbonization of electricity. If there are no efficiency gains as-

sumed, the only reduction in the emissions comes from the general reduction of the indirect 

emissions from electricity. 

 

 
Figure 50: Comparison emission reduction chemical in-
dustry 2050 vs. 2015 with vs. without efficiency gains 

 
Figure 51: Comparison emission reduction steel in-
dustry 2050 vs. 2015 with vs. without efficiency gains 
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A 4.4. Effect of Emissions Accounting Scheme 

For the analysis in in this paper, the emission accounting scheme presented in Figure 5 is 

assumed. This system boundary is not in line with the source principle that is usually applied 

in the emission accounting for decarbonization goals. Therefore, the model results will be de-

termined for a system boundary in line with the source principle. The new system boundary of 

the emission accounting is displayed in Figure 52. 

 

 
Figure 52: Limited emission account scheme based on source principle 

The new model results are listed in Table 39. Generally, the results show that the relative 

emission savings are higher based on the source principle. A direct comparison of the emis-

sion savings of the chemical and steel industry for the basic emissions account scheme and 

the source principle can be seen in Figure 53 and Figure 54. Only in the FREEZE scenario, 

the savings are lower using the source principle. This is especially the case in the chemical 

industry. Here, the reason for the lower savings lies in the neglection of the indirect emissions 

from the use of electricity from the grid. These emissions represent a large saving in the base 

case, as it is assumed that in 2050 the power sector is carbon neutral. For the steel sector, 

the same logic applies to the secondary production route.  

The higher savings in the scenarios can be explained based on the fact that the emissions of 

baseline technologies are largely made up of direct emissions. Neglecting the indirect emis-

sions of the alternatives which have much lower direct emissions, increases the overall sav-

ings.  

Finally, the application of the source principle shows that the emission targets are almost at-

tainable in a TECH scenario. The chemical industry is failing to reach the goals because under 

the given conditions the main abatement technology would be CCS which cannot capture all 

emissions escaping the steam crackers (max. capture rate 85%). The emissions created by 

the different technologies in 2015 in comparison to 2050 are shown in Figure 55. If a capture 

rate of 95% could be achieved, the emissions savings could reach up to 92% in comparison 

to 1990.  

Based on the source principle the decarbonization pathway for the steel industry would lead 

to a system fully based on the steel production via direct reduction with hydrogen. 
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Table 39: Overview KPIs of scenarios considering the source principle (only direct emission and emissions from 
self-produced electricity) 

 
 

 
Figure 53: Comparison emission reduction chemical 
industry 2050 vs. 2015 base case vs. source principle 

 
Figure 54: Comparison emission reduction steel indus-
try 2050 vs. 2015 base case vs. source principle 

 

 

 
Figure 55: TECH scenario, source principle for emissions, absolute emissions by technology in 2015 and 2050 

  

Baseline Scenario Scenario Scenario

FREEZE TECH ECO

Both Chemicals Steel Both Chemicals Steel Both Chemicals Steel

Emission reduction in 2050 vs. 2015 

(based on annual emissions)
[%] 28% -1% 39% 92% 83% 96% 86% 68% 93%

Emission reduction in 2050 vs. 1990 

(based on annual emissions)
[%] 46% 33% 51% 94% 89% 97% 90% 78% 95%

Accumulated emissions 2015-2050 [MtCO2] 2.443 810 1.633 1.522 534 988 1.662 623 1.039

Specific cost change product HVC/Steel (2015-2050) [EUR/tProduct] - 480,58 156,50 - 491,80 107,84 - 315,72

Specific cost change product Ammonia (2015-2050) [EUR/tProduct] - 386,58 - - 208,43 - - 93,24

Specific cost change product Chlorine (2015-2050) [EUR/tProduct] - 40,53 - - 25,80 - - 25,80

Rel. cost change product HVC/Steel (2015-2050) [%] - 72% 43% - 74% 30% - 48%

Rel. cost change product Ammonia (2015-2050) [%] - 92% - - 50% - 22%

Rel. cost change product Chlorine (2015-2050) [%] - 18% - - 11% - 11%

Abatement Cost [EUR/tCO2] - - - 30,65 86,12 6,83 -224,23 -148,94

Renewable Energy Share 2050 [%] 4% 4% 5% 53% 37% 89% 32% 12% 53%

Electricity Demand 2050 

(incl. electricity for hydrogen & methanol)
[TWh] 25,43 12,03 13,41 173,66 84,71 88,94 26,59

Biomass Demand 2050 [TWh] 0,53 0,31 0,22 12,13 8,77 3,36 1,70

Accumulated CCS 2050 [MtCO2] 0,00 0,00 0,00 163,11 163,11 0,00 111,48

Yearly CCU 2050 [MtCO2] 0,00 0,00 0,00 5,98 5,98 0,00 0,00

KPI Unit
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A 5 Additional Information: Chemical Industry 

A 5.1. Sector Structure 

In the following the chemical industry stands for all activities summarized under NACE Code 

C 20. The activities of the pharmaceutical sector (NACE Code: C 21) are not covered.  

Measured in terms of turnover, Germany has the fourth largest chemical industry in the world 

(VCI, 2018b). In 2017, the German chemical industry generated 114,9 Billion Euros in sales 

(VCI, 2018a). The industry branch has a large portfolio of different products which are depicted 

in Figure 56 according to their relative value in the overall production. 

 
 
Figure 56: Portfolio of chemical products and their relative share of the overall production value; (VCI, 2018a) 

The chemical industry consumes large amounts of energy and feedstock. In 2016, roughly 

10% of the total electricity generated in Germany was consumed by the chemical industry 

(Fraunhofer ISE, 2018). For the fossil fuels the share was even higher: 15% of the total oil 

consumption and 17% of the total natural gas consumption of Germany was caused by pro-

duction of chemicals (AGEB, 2017). A breakdown of the consumption of energy carriers used 

as fuel and feedstock of the chemical industry (excl. the pharmaceutical industry) in 2016 is 

provided in Table 40.  

 
Table 40: Energy consumption of chemical industry excluding pharmaceutical industry in 2016; (VCI, 2018a), (VCI, 
2019c). 

Energy carrier Fuel use [TWh] Feedstock use [TWh] 

Electricity 51,5 - 

Oil 18,9 178,1 

Natural Gas 113,6 31,9 

Coal 14,2 2,8 

TOTAL 198,2 212,9 

 

The table above shows the importance of fossil fuels as a feedstock in the chemical industry. 

Especially oil in the form of naphtha and natural gas are used as feedstock. Even though the 

inorganic basic chemicals and the petrochemicals make up only roughly a third of the turnover, 

they consume most of the energy in the chemical industry. A study carried out by Ecofys in 

2013 showed that these two branches consume more than 6 times as much as the other three 

branches together (Ecofys, 2013). The details of the assessment are shown in Figure 57. 
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Figure 57: Energy consumption per chemical industry subsector in 2010, (Ecofys, 2013) 

Therefore, the analysis focusses on the processes in the petrochemical and the basic inor-

ganic chemical industry. The products with the highest production volume created in these 

sectors together with their typical production processes are listed in Table 41.  

 
Table 41: Production quantities of important petrochemical and basic inorganic products, (VCI, 2019b), (Bazzanella 
et al., 2017) 

Chemical Sector Production 
(2016) [kt] 

Production Method 

Ethylene Petrochemicals 5155,7 Steam Cracking 

Propylene Petrochemicals 4010,4 Steam Cracking 

Butene Petrochemicals 2209,0 Steam Cracking 

Benzol Petrochemicals 1799,2 Steam Cracking 

Methanol Petrochemicals 1043,8 Catalytic synthesis using syngas 

Oxygen Basic Inorganics 8841,1 Hampson–Linde cycle  

Chlorine Basic Inorganics 3854,5 Chlorine-Alkali Electrolysis 

Sulfuric Acid Basic Inorganics 3366,9 Contact process 

Sodium Hydroxide Basic Inorganics 3320,6 Chlorine-Alkali Electrolysis 

Ammonia Basic Inorganics 3042,2    
Steam reforming and Haber 
process 

 

To reduce complexity, not all major production processes are analysed in this paper. The list 

shows that for the petrochemical industry the steam cracking process is most important, as 

almost all high-volume products are produced using this technique. Regarding the basic inor-

ganics, the chlorine-alkali electrolysis and the ammonia production are further investigated. 

This is done because the chlorine-alkali electrolysis has the highest production volume and 

the highest electricity consumption of all large volume processes, and the ammonia production 

has highest emissions of all production processes of basic inorganics. 
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A 5.2. Current Technologies 

A 5.2.1 High Value Chemicals Production: Steam Cracking  

In the steam cracking process long-chain hydrocarbon are being thermally broken down into 

various short-chain hydrocarbons (light olefins which consist of ethylene, propylene, butadi-

ene) and other products like aromatics, methane and hydrogen. In summary, these chemicals 

are called high value chemicals (HVC).  

 

Process description 

The steam cracking process is highly complex. A simplified process is illustrated in Figure 58. 

In the pyrolysis section A, the long-chained hydrocarbons are vaporized in tube heat exchang-

ers at temperatures of up to 875°C. The necessary heat is delivered by external gas burners 

which are fed with gas obtained in the product fractioning step C. Thus, no additional fuel 

besides the feedstock is needed to run the process. By controlling the residence time, tem-

perature profile and partial pressure, the hydrocarbon feedstock is broken down into the de-

sired smaller unsaturated compounds. Steam is injected to control the partial pressure of the 

different products. The process step A requires most of energy of the whole process.  

After the cracking, the products are quickly cooled down in the transfer line exchangers to 

prevent further reactions. In section B, primary fractioning and compression, the fuel oil in the 

gas mix is condensed and fractioned out. The remaining gases are further cooled down in the 

quench tower and afterwards compressed. For the compression, further energy is needed. In 

the final section C, a series of different fractioning units separates the valuable final products 

(European Commission, 2003). 

 

 
Figure 58: Steam cracking process description; (European Commission, 2003) 

The composition of the final products of the steam cracker depends on the process conditions 

and the feedstock. In Europe and Germany the main feedstock of the steam crackers is naph-

tha (REN et al., 2006). A typical split of the various products of naphtha cracker is listed in 
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Table 42. Usually, the capacity of a steam cracker is measured in the capacity to produce 

ethylene. The typical ratio of the output of HVC in comparison to the output of ethylene of a 

naphtha cracker is 1,69 (Boulamanti and Moya, 2017). 

 
Table 42: Shares of products of a naphtha steam cracker; (European Commission, 2003) 

Product  Share [%] 

Hydrogen 0,8 

Methane 13,5 

Acetylene 0,7 

Ethylene 28,4 

Ethane 3,9 

Propadiene 0,4 

Propylene 16,5 

Propane 0,5 

Butadiene 4,9 

Butylenes 5,2 

Butane 1,0 

C5/C6 3,9 

C7+ non-aromatics 1,2 

Aromatics 10,5 

 

Production sites in Germany 

Steam crackers normally have large capacities, since they often form the centre piece of in-

dustry complexes which process the output of the steam crackers. Therefore, only few steam 

crackers exist in Germany despite of large a production capacity of roughly 9.304,88 kt of HVC 

per year (Petrochemicals Europe, 2017). The 13 different steam cracking production sites 

together with their corresponding capacity are listed in Table 43. The following table (Table 

44) provides the year of construction and the expected reinvestment of the single steam crack-

ers in chronological order.  

 
Table 43: Steam cracker capacity in Germany; (Petrochemicals Europe, 2017); (VCI, 2012) 

Plant Location Ownership Capacity 
HVC (kt/a) 

Capacity ethylene 
(kt/a) 

Ludwigshafen BASF 371,25 220,00 

Ludwigshafen BASF 675,00 400,00 

Böhlen Dow 953,44 565,00 

Heide Raffinerie Heide 185,63 110,00 

Gelsenkirchen BP 1.810,69 1.073,00 

Gelsenkirchen BP 0,00 0,00 

Köln Ineos Olefins 1.596,38 946,00 

Köln Ineos Olefins 0,00 0,00 

Wesseling LyondellBasell 514,69 305,00 

Wesseling LyondellBasell 1.240,31 735,00 

Wesseling Shell 523,13 310,00 

Burghausen OMV 759,38 450,00 

Münchsmünster LyondellBasell 675,00 400,00 

TOTAL Capacity [kt/a]   9.304,88 5.514,00 

TOTAL Production [kt/a]   8.675,14   

Idle Capacity [kt/a]   629,73   

Utilization rate [%]  93%  
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Table 44: Year of construction and expected year of reinvestment of steam crackers; (Schneider and Schüwer, 
2018) 

Plant Location Ownership Year of Con-
struction 

Year of Rein-
vestment 

Time until re-
investment 

Ludwigshafen BASF 1965 2025 60 

Köln Ineos Olefins 1970 2030 60 

Münchsmünster LyondellBasell 1970 2030 60 

Wesseling LyondellBasell 2001 2031 30 

Gelsenkirchen BP 1973 2033 60 

Böhlen Dow  1975 2035 60 

Köln Ineos Olefins 1978 2038 60 

Ludwigshafen BASF 1980 2040 60 

Wesseling LyondellBasell 1980 2040 60 

Wesseling Shell 1980 2040 60 

Burghausen OMV 2008 2033 25 

Gelsenkirchen BP 1984 2044 60 

Heide Raffinerie Heide 1988 2048 60 

 

The year of the reinvestment was calculated based on the assumption that steam crackers 

have a technology lifetime of 50 years (Schneider and Schüwer, 2018). Since steam crackers 

are continuously updated and maintained, the technology lifetime is not a hard deadline for 

the replacement of the plants. In the first 15 years of the modelling period there are few alter-

native technologies available to replace the conventional steam crackers (Figure 30). There-

fore, it is assumed that most plant owners of old steam crackers will wait until the new tech-

nologies become available before reinvesting new plants. This results in an increase of the 

plant lifetime by up to 10 years. For the younger plants, it was assumed that the owners will 

be ready to reinvest when the plants have reached their economic lifetime of 25 to 30 years 

(expert opinion). Based on these assumptions, the following reinvestment time schedule can 

be defined. 

 

 
Figure 59: Reinvestment schedule for steam crackers 
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Energy and feedstock demand 

To run steam crackers, they must be continuously fed by large amounts of naphtha. While a 

large amount of the feedstock is eventually transformed into the final products, roughly a quar-

ter of the feed is used as fuel to heat the cracking furnace and generate steam. The amount 

of naphtha needed to fuel the process depends on the efficiency of the crackers. In literature 

the fuel demand is typically in the range of 14-22 GJ Naphtha per ton of HVC (European 

Commission, 2003) with a European average of 16,5 GJ Naphtha per ton of HVC and a theo-

retical best practice value of 12 GJ per ton of HVC (Bazzanella et al., 2017). For the study, a 

fuel consumption of 15,5 GJ per ton of HVC (REN et al., 2006) will be assumed, to account 

for the higher efficiency of the German crackers compared to the European average. It is 

presumed that the fuel use during the modelling period will decrease by 1% per year. The 

feedstock demand for a ton of HVC can be quantified with 42,5 GJ Naphtha and is assumed 

to be constant (see Table 70). Concerning the steam balance, the steam cracking process is 

a net steam exporter. About 1,5 GJ Steam are exported per ton of HVC (Bazzanella et al., 

2017).  

 

Emissions 

The cracking process creates large emissions. These are due to the combustion of gases in 

the cracking furnace and to process emissions set free in the cracking process. The emission 

factor of the combustion emissions can be estimated with the direct emission factor of natural 

gas (Schneider and Schüwer, 2018). Combining the fuel consumption with the emission factor 

leads to combustion emission of 0,87 t of CO2 per t HVC. Based on a literature value for direct 

emissions of HVC production of 1,7 tons of CO2 per ton of HVC (REN et al., 2006), the process 

emissions are estimated with 0,83 t of CO2 per t HVC. Besides the direct emissions, also 

indirect emissions are created by the usage of naphtha. The upstream emissions of naphtha 

for 1 ton of HVC amount to 0,60 tons of CO2 based on the emission factors mentioned in 

Annex chapter A 8. The exported steam is not included in the emission balance because it is 

unknown for which purposes the steam is being used. The emissions caused by the production 

of the steam are included in the fuel emissions of the process. Therefore, the emission factor 

for steam is set to 0. 

 

Cost 

The cost of producing HVC are highly dependent on the OPEX cost which are calculated 

according to the method explained in chapter 4.2 “Calculation Methodology”. The OPEX are 

subject to price dynamics and efficiency gains. The O&M cost represent 5% of the CAPEX. 

The CAPEX is calculated as follows. For a naphtha steam cracker with a yearly capacity of 

600 kt ethylene per year an investment of 660 – 780 Million Euros can be assumed (European 

Commission, 2003). Based on the above mentioned ratio between HVC and ethylene (1,69) 

the specific average investment would be 710,06 EUR per ton of yearly production capacity 

of HVC. The utilization of steam crackers in Germany is at 93% (Table 43). The European 

average utilization rate of steam crackers is 90% (Petrochemicals Europe, 2016). Using the 

German utilization rate the final investment cost per ton of HVC produced yearly is 761,60 

EUR. This cost is assumed to be constant in over the modelling period as no cost reductions 

thanks to technology maturation are expected. 

 

A 5.2.2 Ammonia Production: Steam reforming and Haber-Process 

The ammonia production is split in two subprocesses: The production of hydrogen based on 

steam reforming of natural gas and the subsequent reaction of hydrogen with nitrogen in the 

Haber process in which ammonia is created.  
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Process description – Steam reforming 

In 2016 about 393 kt of hydrogen were produced in Germany (VCI, 2019b). 90% of the hydro-

gen is used for industrial applications. Among the industry processes the ammonia production 

consumes by far the largest amount of hydrogen. 48 % of the total hydrogen production of 

Germany (84% of the industrial use) is used for ammonia (Fraile, 2015). Currently 97% of the 

hydrogen is being produced by steam reforming of natural gas (Aicher et al., 2004). In Figure 

60 a detailed process description of the steam reforming process can be seen.  

 

 
Figure 60: Process description of steam reforming; (European Commission, 2007); (Aicher et al., 2004) 

In the first step of the steam reforming process desulphurized natural gas is preheated to 400-

600°C with steam in tubes filled with a catalyst. About 60% of the natural gas is reformed to 

carbon monoxide and hydrogen. The heat for the reaction which is strongly endothermic is 

supplied by external burners fuelled with natural gas. In the second step, after an intermediate 

compression the resulting gas mix is send into a secondary reformer where nitrogen is added 

by introducing air to complete the conversion of methane. The necessary heat is achieved by 

the internal combustion of the gas mix. At the outlet the temperature is at around 1000°C. 

After cooling down the reaction gases, they are sent to water-gas shift reactor where the car-

bon monoxide in the gas mix is converted in the presence of steam into carbon dioxide and 

hydrogen. The reaction is exothermic. In the 4th step the highly concentrated CO2 in the reac-

tion gases is removed. The amount of carbon in the CO2 is almost equal to the amount of 

carbon introduced with the natural gas in the first step. For the removal scrubber solutions are 

used. Mainly aqueous amine solutions are used for this purpose. The regeneration of the 

scrubber solution requires heat which can be provided by the excess heat of the preceding 

processes (European Commission, 2007).  

 

Process description – Haber process 

After the hydrogen is fully cleaned of CO and CO2 in a methanation reaction where part of the 

hydrogen reacts with the CO and CO2 and creates methane which is subsequently removed, 

the hydrogen is compressed to 250 bar. As in the second step of the steam reforming process, 

the power can be provided by electricity, however, usually gas driven compressors are used 

(Bazzanella et al., 2017).  After the compression the gas is fed into the ammonia synthesis 

reactor where it reacts with nitrogen and forms in an exothermic reaction ammonia. Only 20-

30 % of the synthesis gas is converted. Therefore, the synthesis gas is recovered at the end 

of the process and recycled. After the ammonia synthesis the reaction gases are cooled down 

in step 6 and 7 and the ammonia is finally condensated and withdrawn from the process (Eu-

ropean Commission, 2007). The Haber process can be seen in Figure 61. 
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Figure 61: Process description of the Haber-Process for producing ammonia, (European Commission, 2007), 
(Aicher et al., 2004)  

Production sites in Germany 

There are 6 ammonia plants in Germany with an average production of 522 kt of ammonia per 

year. The ammonia plants present in Germany together with their estimated production in 

2017 are listed in Table 45. The ammonia plants are fed by 10 steam reformers which also 

cover most of remaining hydrogen demand of Germany.  

 
Table 45: Ammonia plants in Germany, (anonymised internal data Navigant), (VCI, 2018a) 

Plant Production (kt/a) of ammonia 

Plant 1 553,74 

Plant 2 553,74 

Plant 3 449,15 

Plant 4 449,15 

Plant 5 358,91 

Plant 6 769,09 

TOTAL Production 
[kt/a] 

3133,77 

 

As there is no data available on the year of the construction of the ammonia plants, a statistical 

approach is chosen to determine the reinvestment moments. It is supposed that the plant 

capacity will be replaced following a normal (Gaussian) distribution. The distribution will have 

its peak in the year which results from the following equation: 

 

tMAX = tStart + tLife – tAvg  

 
Where:  

(7) 

tMAX  

tStart  
tLife  
tAvg  

= Maximum of normal distribution [-] 

= First year of modelling period (= 2015) [-] 

= Lifetime of baseline technology [-] 

= Average age of existent plants [-] 

 

 

The average age of the existent plants (𝑡𝐴𝑣𝑔) is estimated with 10 years. The technology life-

time of ammonia plants is assumed with 25 years (Hillel, 2011). For the Gaussian distribution 

the following equation (8) results. By adjusting the standard deviation to a quarter of the tech-

nology lifetime (tLife). The 99% of the capacity will be replaced during modelled period. 
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𝑓(t | tLife, tMax) =  
1

√2𝜋(tLife/4)
2
𝑒

−
(𝑡−tMAX)

2

2(
tLife
4
)
2

  
(8) 

 
Where: 

 

𝑓(t | tLife, tMax) 
𝑡 

tMAX 

tLife 
 

= Share of basic capacity replaced [%] 

= Year of the modelled period [-] 

= Maximum of normal distribution [-] 

= Lifetime of baseline technology [-] 

Having calculated the share of the basic capacity which is replaced each year, a continuous 

replacement curve can be calculated by multiplying the shares by the basic capacity in 2015.  

As a continuous replacement is not possible, because only full plants can be invested in, the 

continuous yearly replacements are accumulated year after year until the accumulated 

amount reaches a typical plant size magnitude or more. For ammonia plants the typical plant 

size is 522 kt/a (Min 359 kt/a; Max 769,09 kt/a). This results in a discrete replacement roadmap 

for the ammonia plants which is displayed in Figure 62. Supposing this methodology, 90% of 

the baseline capacity will be replaced during the modelled period. The rest of the capacity will 

be phased out due to reductions in the overall ammonia production in the last decades of the 

modelling period because of a reduced market demand. 

 

 
Figure 62: Replacement schedule for ammonia plants including continuous Gaussian curve 

  

Energy and feedstock demand 

The ammonia production consumes mainly natural gas. The gas is used as feedstock and as 

fuel to heat the process and drive the compressors. According to a recent study by DECHEMA 

the fuel demand of natural gas to produce one ton of ammonia is 17,6 GJ if the demand of the 

compressors is included. The feedstock demand is at 21 GJ per ton of ammonia. If it is as-

sumed that most of the auxiliary processes are run on gas, only a small electricity demand of 

0,74 GJ/ton Ammonia remains. Based on these assumptions, the ammonia production is a 
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net steam exporting process. Roughly 4,3 GJ of steam is exported in the different process 

steps (Bazzanella et al., 2017). It should be mentioned that modern ammonia plants can be 

designed to have no steam export (European Commission, 2007). The fuel and electricity 

demand of the process is assumed to decrease by 1% per year, the feedstock demand is 

assumed to be constant (see Table 70). 

 

Emissions 

The steam reforming process is causing large direct emissions, as almost all the carbon built 

into the methane of the natural gas is eventually released as carbon dioxide. The emissions 

are calculated as follows: For the direct emissions, the natural gas consumption is multiplied 

by the direct EF of natural gas which equals 2,16 tons of CO2 per ton of ammonia in 2015. In 

the model also the indirect emissions caused by production of natural gas are considered. 

These sum up to 0,51 t CO2/ t Ammonia. Furthermore, for the electricity used in the process 

has to be accounted. Based on the EF of grid electricity in 2015 and the EF of self-produced 

electricity in the chemical industry, 1 t of Ammonia is causing 0,1 tons of CO2 (self-production 

0,02 tons). The corresponding emission factors can be found in Annex chapter A 5.7 and A 8. 

The exported steam is not included in the emission balance because it is unknown for which 

purposes the steam is being used. The emissions caused by the production of the steam are 

included in the fuel emissions of the process. Therefore, no emissions are allocated. 

 

Cost 

The OPEX cost are calculated according to the method explained in chapter 4.2 “Calculation 

Methodology”. OPEX are subject to price dynamics and efficiency changes. As for the steam 

cracking process the O&M cost of the ammonia production are assumed to be 5 % of the 

CAPEX. The CAPEX is based on the following assumptions: For an integrated ammonia plant 

(steam reformer and ammonia synthesis) on a greenfield site with a production capacity of 

850 kt/a an investment of 1050,95 Million Dollar is needed (Seddon, 2013). Based on an ex-

change rate from 2018 of 0,847 EUR/Dollar (OECD, 2018) the specific investment is equal to 

1047,24 EUR per ton of yearly ammonia production capacity. The typical utilization of ammo-

nia plants is at 80% (Brown, 2016). Based on this utilization the effective investment cost is 

1.309,05 EUR per ton of ammonia produced per year. The CAPEX is assumed to be constant 

over the modelling period as no cost reductions are expected. 

 

A 5.2.3 Chlorine Production: Chlorine-Alkali Electrolysis  

The chlorine production is a process which already fully relies on electricity. The emissions of 

the process, therefore, are mainly defined by the EF of the electricity used. As the production 

consumes a major part of the electricity currently being used in the industry and alternative 

technologies are available, the process is integrated in the analysis.  

In Germany chlorine is currently produced using three different technologies: Mercury cell, 

diaphragm cell, and membrane cell technology. The membrane technology covers the major 

share of the production with over 67% of the chlorine production capacity (Euro Chlor, 2017). 

Therefore, only the membrane technology is considered in this paper.  

 

Process description 

The membrane chlorine alkali process is an endothermic process in which sodium chloride 
and water are converted into chlorine, sodium hydroxide (caustic soda) and hydrogen. A 
schematic visualization of the process is shown in Figure 63. Anode and cathode of the cell 
are separated by a water-impermeable ion-conducting membrane. Concentrated brine flows 
through the anode side of the cell. The chloride ions in the solution are oxidized at the anode 
to chlorine. The remaining sodium ions migrate through the membrane, which is 
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impermeable to chloride ions, to the cathode side. Here, water is hydrolysed at the cathode 
producing hydroxide ions and hydrogen. The hydroxide ions react with the migrated sodium 
ions to caustic soda. The reactions are run until the concentration of caustic soda reaches 
32-35%. Then the solution is discharged, and new demineralized water is introduced. On the 
anode side the depleted brine is recharged with salt, before it enters the cell again (Euro-
pean Commission, 2001).  
 

 
Figure 63: Process description membrane chlorine alkali electrolysis, (Jörissen, 2006) 

Production sites in Germany 

There are 18 chlorine production plants in Germany with an average production capacity of 

228 kt chlorine per year. The production plants vary strongly in size. While largest plant, run 

by DOW, has a capacity of 1000 kt/a, the smallest plant has a capacity of only 15 kt/a. In Table 

46 all production plants of chlorine in Germany are listed together with their capacity. 

 
Table 46: Production sites of chlorine in Germany, (Euro Chlor, 2017) 

Plant Ownership Capacity (kt/a) of chlorine  

Ludwigshafen BASF 385,00 

Dormagen Covestro 480,00 

Leverkusen Covestro 390,00 

Uerdingen Covestro 260,00 

Brunsbuttel Covestro 210,00 

Schkopau Dow 250,00 

Knapsack Vinnolit 250,00 

Gersthofen CABB GmbH 52,00 

Stade Dow 1.500,00 

Ibbenbüren Neolyse Ibbenbüren GmbH 75,00 

Bitterfeld AkzoNobel 99,00 

Lülsdorf Evonik Industries 77,00 

Frankfurt AkzoNobel 250,00 

Rheinberg INOVYN 220,00 

Marl VESTOLIT 260,00 

Gendorf Vinnolit 180,00 

Burghausen Wacker Chemie 55,00 

Leuna LEUNA-TENSIDE 15,00 

TOTAL Capacity   5.008,00 

TOTAL Production [kt/a]   4.076,51 

Utilization rate [%]  81% 



 

89 
 

 

For the replacement scheme of the above-mentioned chlorine production capacities, the same 

approach as for the ammonia production plants is chosen (see Annex chapter A 5.2.2). The 

average age of the chlorine plants is estimated to be 10 years. The lifetime of the chlorine 

plants is presumed to be 25 years. Based on the Gaussian distribution the following reinvest-

ment schedule results (Figure refers to effective productive output, after application of utiliza-

tion rate).  

 

 
Figure 64: Reinvestment schedule of chlorine plants including continuous Gaussian curve 

Based on this reinvestment scheme 98% of the baseline chlorine capacity is replaced. The 

rest of the production output is phased out due to a decrease in the overall chlorine production 

(because of a reduced market demand).   

 

Energy and feedstock demand 

As said initially, the membrane chlorine alkali electrolysis is only powered by electricity. Only 

water and salt are needed as feedstock. The electricity demand for the membrane process 

including auxiliary processes is 11 GJ per ton of chlorine (Bazzanella et al., 2017). The water 

and salt demand are neglected as they are the same for all process options. As a byproduct 

of the process, 3,4 GJ hydrogen are produced per ton of chlorine (Bazzanella et al., 2017). 

The hydrogen can be used onsite to produce energy or sold to other facilities. According to 

other studies, a decrease in the electricity consumption of 0,2% per year can be expected 

(Bazzanella et al., 2017). 

 

Emissions 

The electrolysis process causes only indirect CO2 emissions by using electricity. Based on 

the EF of grid electricity in 2015 (Annex A 8) and the one for self-produced electricity in chem-

ical sector (see Annex A 5.7) the emitted CO2 amounts to 1,42 t of CO2 per ton of Chlorine 

(self-production 0,32 tons CO2).  
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Cost 

The OPEX is calculated according to the method explained in chapter 4.2 “Calculation Meth-

odology”. OPEX are subject to price dynamics and efficiency changes. The O&M cost are 

assumed to be 5% of the CAPEX. The CAPEX for membrane chlorine alkali electrolysis plant 

is assumed with 500 EUR per ton of yearly production capacity of chlorine (Bazzanella et al., 

2017). The utilization rate of such plants is at 81% (Euro Chlor, 2017). The final CAPEX 

amount to 614,25 EUR/ton of chlorine produced per year. The CAPEX is assumed to be con-

stant in over the modelling period, as no cost reductions are expected. 

 

A 5.3. Decarbonization Technologies - Introduction 

In order to identify promising and realistic alternative decarbonization technologies to replace 

the current technologies, a literature research was carried out. Existing decarbonization 

roadmaps for the chemical industry were reviewed concerning the proposed decarbonization 

technologies. To account for potential technological developments, the selected roadmaps 

were published at different times over the past 6 years. Furthermore, it was the aim to include 

a variety of authors. The identified relevant roadmaps in chronological order are: 

 

1. “European chemistry for growth” by CEFIC (table short key: CEFIC); (Ecofys, 2013) 

2. “Industrial Decarbonisation & Energy Efficiency Roadmaps to 2050” by  

British Department for Business, Innovation & Skills and Department of Energy & Cli-

mate Change (table short key: BEIS); (WSP et al., 2015) 

3. “Energy efficiency and GHG emissions: Prospective scenarios for the Chemical and 

Petrochemical Industry” by the Joint Research Centre of the European Commission ( 

table short key: JRC EUC); (Boulamanti and Moya, 2017) 

4. “Low carbon energy and feedstock for the European chemical industry” by DECHEMA 

(table short key: DECHEMA) (Bazzanella et al., 2017) 

5. “Chemistry for Climate: Acting on the need for speed” by the VNCI (table short key: 

VNCI) ; (Ecofys and Berenschot, 2018) 

 

In Table 47 all technological measures which are mentioned in the studies as potential emis-

sion reduction options are listed, assigned to the investigated production process and catego-

rized into the following groups: Efficiency measures, Carbon Capture, Biomass, New process; 

Recycling, and Fuel Change. A shortlisting of the technologies was done based on how fre-

quent they appeared in the studies. Technologies appearing in more than half of the studies 

were further analysed. As mentioned in the chapter “Aim and Scope of the Study”, efficiency 

measures are excluded from the study. After shortlisting the technologies, they were dis-

cussed with industry representatives. Based on the industry feedback the solid-state synthesis 

of ammonia was excluded from the study, while electro cracking and the use of bio naphtha 

for the HVC production were included. Solid state synthesis of ammonia was excluded, since 

the technology is still at a very early stage and not to be implemented any time soon. In con-

trast to this, the electro cracker is a current project of the company BASF and a pilot plant is 

planned for 2025 (Kochendörfer, 2019). Another learning from the industry interviews was that 

bionaphtha in steam crackers is already today a common practice. Therefore, this option and 

the electro cracker are also included in the study, even though they were not mentioned in 

more than half of the assessed roadmaps. The final list of decarbonization technologies can 

be seen in Table 48. 
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Table 47: Results literature research decarbonization technologies in the chemical industry 

Prozess Category CEFIC BEIS JRC EUC DECHEMA VNCI Mentions

Ammonia Production Energy Efficiency EE Measures EE Measures EE Measures EE Measures 4

Ammonia Production Energy Efficiency CHP 1

Ammonia Production Energy Efficiency Improved insultation 1

Ammonia Production Energy Efficiency Improved waste heat recovery 1

Ammonia Production Energy Efficiency Improved process control 1

Ammonia Production Energy Efficiency More efficient equipment 1

Ammonia Production Energy Efficiency Improved steam system efficiency 1

Ammonia Production Energy Efficiency Membrane technology Membrane technology 2

Ammonia Production Energy Efficiency Process Intensification Process Intensification 2

Ammonia Production Carbon Capture CCS CCS CCS CCS CCS 5

Ammonia Production Biomass Biomass Gasification Biomass Gasification Biomass Gasification 3

Ammonia Production New Process Electrolysis + CCU Electrolysis + CCU Electrolysis + CCU Electrolysis + CCU Electrolysis + CCU 5

Ammonia Production New Process Nuclear HT Electrolysis Nuclear HT Electrolysis 2

Ammonia Production New Process Solid State Synthesis Solid State Synthesis Solid State Synthesis 3

Ammonia Production Biomass Biomass Digestion 1

Ammonia Production Recycling Recycled Plastics Gasification 1

Ammonia Production New Process Catalytic Partial Oxidation 1

Ammonia Production New Process Bioprocessing 1

Ammonia Production New Process Methane Pyrolsis 1

Ammonia Production New Process Electric boilers 1

Steam Cracking Energy Efficiency EE Measures EE Measures EE Measures 3

Steam Cracking Energy Efficiency CHP 1

Steam Cracking Energy Efficiency Integration of gas turbines with furnace 1

Steam Cracking Energy Efficiency Improved insultation 1

Steam Cracking Energy Efficiency Improved waste heat recovery 1

Steam Cracking Energy Efficiency Improved process control 1

Steam Cracking Energy Efficiency More efficient equipment Adsorption Heat Pump 2

Steam Cracking Energy Efficiency More efficient equipment Vacuum Swing Adsoprtion 2

Steam Cracking Energy Efficiency Improved steam system efficiency 1

Steam Cracking Energy Efficiency Membrane technology Membrane technology 2

Steam Cracking Energy Efficiency Process Intensification Process Intensification 2

Steam Cracking Carbon Capture CCS CCS CCS CCS 4

Steam Cracking New Process Catalytic Cracking Catalytic Cracking 2

Steam Cracking Biomass Bioethanol to Ethylene Bioethanol to Ethylene Bioethanol to Ethylene 3

Steam Cracking Biomass Biomass to Ethylene Biomass to Ethylene Biomass to Ethylene Biomass to Ethylene 4

Steam Cracking Biomass Biopropylene 1

Steam Cracking Biomass Biomass Gasification + MTA 1

Steam Cracking Biomass Biomass Gasification + MTP 1

Steam Cracking Biomass Biomass Gasification + MTO Biomass Gasification + MTO 2

Steam Cracking Recycling Recycled Plastics Gasification + MTO Recycled Plastics Gasification + MTO 2

Steam Cracking Recycling Waste Naphtha Waste Naphtha 2

Steam Cracking Biomass Bionaphtha Bionaphtha 2

Steam Cracking Biomass Bio-BTX 1

Steam Cracking New Process High temperature cracking 1

Steam Cracking New Process MTO (Electrolysis and CCU) MTO (Electrolysis and CCU) MTO (Electrolysis and CCU) MTO (Electrolysis and CCU) 4

Steam Cracking New Process MTA  (Electrolysis and CCU) MTA  (Electrolysis and CCU) 2

Steam Cracking New Process Bioprocessing 1

Steam Cracking Recycling Mechanical Recycling Mechanical recyling (olefines and BTX) 2

Steam Cracking Recycling Chemical Recycling Recycled plastics naphtha 2

Steam Cracking New Process Electric furnaces 1

Steam Cracking New Process Electric boilers 1

Chlorine Production New Process Retrofit Mercury to Membrane Retrofit Mercury to Membrane 2

Chlorine Production Energy Efficiency Retrofit Monopolar to Bipolar Retrofit Monopolar to Bipolar 2

Chlorine Production New Process Retrofit Membrane to ODC Retrofit Membrane to ODC Retrofit Membrane to ODC Retrofit Membrane to ODC 4

Chlorine Production New Process ODC with brine 1

Chlorine Production Fuel change Low carbon electricity Low carbon electricity 2

Chlorine Production Energy Efficiency EE Measures EE Measures EE Measures EE Measures EE Measures 5

Chlorine Production Energy Efficiency CHP 1

Chlorine Production Energy Efficiency Improved insultation 1

Chlorine Production Energy Efficiency Improved waste heat recovery 1

Chlorine Production Energy Efficiency Improved process control 1

Chlorine Production Energy Efficiency More efficient equipment 1

Chlorine Production Energy Efficiency Improved steam system efficiency 1

Chlorine Production Energy Efficiency Membrane technology 1

Chlorine Production Energy Efficiency Process Intensification Process Intensification 2

Chlorine Production New Process Bioprocessing 1
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Table 48: Shortlisted decarbonization technologies for the chemical industry 

Process Criterion Category Decarbonization Technology Included 

HVC Pro-
duction  

Shortlist Carbon Capture CCS YES 

Shortlist Biomass Bioethanol to Ethylene YES 

Shortlist New Process 
Methanol-to-Olefins Process 
(Electrolysis and CCU) 

YES 

Industry 
Feedback 

New Process Electro Cracking YES 

Industry 
Feedback 

Biomass Bionaphtha YES 

Ammonia 
Production  

Shortlist Carbon Capture 
Carbon Capture and Storage 
(CCS) 

YES 

Shortlist Biomass Biomass Gasification YES 

Shortlist New Process 
Electrolysis + Carbon Capture 
and Utilization (CCU) 

YES 

Industry 
Feedback 

New Process Solid State Synthesis NO 

Chlorine 
Production 

Shortlist New Process Oxygen Depolarized Cathode YES 

 

A 5.4. Decarbonization Technologies - HVC Production 

A 5.4.1 Carbon Capture and Storage (CCS) 

Process description 

To avoid emissions in the steam cracking process without changing the core process, a post 

combustion carbon capture technology can be added. For flue gases with low concentrations 

of CO2 typically amine absorbents are applied. The CO2 is removed in a gas scrubbing process 

in which the flue gases pass through a diluted amine solution under high pressure. The CO2 

contained in the flue gases is absorbed by the solution and later released under the influence 

of heat and lower pressure. The regeneration of the amine solution is highly energy intensive 

and increases the overall energy demand of the process significantly (Bazzanella et al., 2017). 

After the sequestration of the CO2, the gas needs purified and dehydrated and finally trans-

ported to underground caverns where it is compressed and stored. The processes create ad-

ditional energy demand and costs. 

 

Energy and feedstock demand 

The energy demand of the carbon capture and compression highly depends on the concen-

tration of CO2 in the flue gases and the amount of CO2 which is supposed to be extracted from 

the flue gases. With reasonable effort it is possible to extract about 85% from the flue gases 

of combustion processes in the steam cracker (Ecofys, 2013). For the steam cracking process 

this means that roughly 1,44 tons of CO2/t HVC (total direct emissions 1,7 tCO2/t HVC) can be 

extracted when applying a CCS technology. The energy demand to extract CO2 from flue 

gases with low concentration of CO2, which is the case for steam crackers, is 3,68 GJ per ton 

of CO2 captured (Ecofys, 2013). This results in a specific energy need for CCS of 5,31 GJ/t 

HVC. For this study it is assumed that this energy is provided by electricity only. It should be 

noted that in well integrated plants part of this energy could be delivered by the exported steam 

of the steam cracking process. Not to include this possibility in the approach represents the 



 

93 
 

worst case in terms of energy needs. The energy demand for the carbon capture is assumed 

to decrease drastically during the modelling period by 3,3 % per year (Ecofys, 2013).  

 

Emissions 

The emissions caused in the steam cracking process with CCS are the same as for the base-

line process. They generated emissions are reduced by the amount of captured CO2 (-1,44 t 

CO2/t HVC). The electricity which is needed to capture the emissions is causing indirect emis-

sions. Based on the consumption, the grid electricity (Annex A 8) and self-production emission 

factor (see Annex A 5.7) the indirect emissions amount to 0,69 tCO2/t HVC (self-production 

0,16  tCO2/t HVC) in 2015, reducing the avoided emissions to 0,76 t CO2/t HVC. As the elec-

tricity is becoming less emission intensive during the modelling period the avoided emissions 

grow.  

 

Cost 

The cost for capturing the CO2 are added to the baseline cost of the steam cracker. Like the 

energy demand, the specific investment cost for a carbon capture facility depends on the 

amount of CO2 which is captured and the concentration of the CO2 in the flue gases. For a 

facility capturing CO2 from flue gases with low CO2 concentration with a yearly capacity of 1,46 

Mt of CO2 captured (Needed CO2 capturing capacity based on the typical steam cracker ca-

pacity of 600 kt used in Annex chapter A 5.2.1. Formula for deriving capturing capacity: Pro-

duction Capacity Ethylene x Ratio HVC to Ethylene x CO2 captured per ton HVC) the absolute 

investment cost would be 285,56 EUR/ton CO2 captured annually (Ecofys, 2013). In addition, 

the transport and storage costs need to be included. These are independent of the conditions 

at the plant. In 2015 the transport costs would amount to roughly 80 EUR/ton of CO2 trans-

ported annually and 60 EUR/ton of CO2 stored annually (Ecofys, 2013). The annualized in-

vestment cost finally adds up to 151,51 EUR/t HVC including the investment for the steam 

cracker and 67,60 EUR/t HVC for the CCS technologies only. The mentioned costs are ex-

pected to decrease over the modelling period in the following way: 3,00% per year between 

2015-2030, 2,50% per year between 2030-2040, and 1,30% per year between 2040-2050.  

 

Technology readiness level (TRL) 

Currently, there are no pilot projects for carbon capture on steam crackers known. This is 

partly due to the low concentration of CO2 in the flue gases which makes the application more 

energy and capital intensive. The concentration is comparable to the CO2 concentration in the 

flue gases of a gas turbine which are at 11-12 Vol. %. Since the technology is currently only 

tested in laboratory environments the TRL is 4. Assuming research and development efforts 

are increased the technology could become market ready in 2025 (Schneider and Schüwer, 

2018). However, due the low TRL, the market entry is not expected before 2030. 

 

A 5.4.2 Bioethanol to Ethylene 

The production of ethylene via catalytic dehydration of bioethanol is an alternative technology 

to the fossil fuel-based steam cracking. In Brazil there are already plants in operation that 

produce bioethylene commercially. Bioethanol is produced via fermentation of different bio-

mass materials, such as starchy sugar materials (1st generation biofuels, coming from food 

crops) or lignocellulosic material (2nd generation biofuels, coming from woody crops or agri-

cultural residues) (Mohsenzadeh et al., 2017).  

 

Process description 

The ethanol dehydration is an endothermic process. The chemical equation of the reaction is 

the following:  
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C2H5OH 
cat.
→ C2H4 + H2O 

(9) 

 

Process temperatures of 300 to 500 °C are needed to obtain the ethylene. For the reaction, 

ethanol is introduced into a series of fluidized-bed reactors filled with hot steam and a catalyst 

(alumina or silica-alumina). Passing through the series of reactors the stream of reactants 

needs to be reheated several times. The external heat needed is usually provided by natural 

gas. After the almost complete reaction of the ethanol (conversion rate 99,5%), the ethylene 

is recovered and separated from the reaction products: carbon dioxide, water, and unreacted 

ethanol. Finally, the ethylene is purified in a cryogenic distillation (Bazzanella et al., 2017), 

(Mohsenzadeh et al., 2017).  

 

Energy and feedstock demand 

The most important material for the process is ethanol. For a ton of ethylene about 1,74 tons 

of ethanol are needed (Bazzanella et al., 2017). Based on the low heating value (LHV: 26,75 

GJ/t ethanol) this corresponds to 46,63 GJ of ethanol. Furthermore, for running the auxiliary 

applications 1,25 GJ of electricity per ton of ethylene are needed and 2,29 GJ of natural gas 

to heat the furnaces that keep the reaction temperature constant (Haro et al., 2013). The en-

ergy demand of the process is assumed to decrease by 1% per year. The feedstock demand 

remains constant (see also Table 70). 

 

Emissions 

Based on the natural gas consumed, producing 1 ton of ethylene creates 0,13 tons of CO2 

directly and 0,03 tons indirectly. Based on an estimate by DECHEMA (Bazzanella et al., 2017), 

the processing of ethanol is causing roughly 0,2 tons of CO2 direct emissions. For the elec-

tricity 0,16 tCO2/t ethylene (grid: 0,12 tCO2/t ethylene, self-production: 0,04 tCO2/t ethylene) 

are generated. Per GJ of bioethanol 0,0716 tons of CO2 are sequestered (Umweltbundesamt, 

2018b). The production of bioethanol is causing 0,049 tons of CO2/GJ of bioethanol (SimaPro 

specification: Ethanol, without water, in 95% solution state, from fermentation {GLO} | market 

for | Cut-off, U;  IPCC GWP 100a) (PRé Consultants, 2019). This amounts to -1,03 tons of 

CO2 being avoided by the usage of bioethanol, taking into account the system boundary which 

neglects that the sequestered emissions could eventually be released again. 

 

Costs 

Using the exchange rate of 0,847 Euros for 1 Dollar for the year 2018 the values for the CAPEX 

and O&M cost displayed in Table 49 are derived from a paper of Mohsenza et al. (Mohsen-

zadeh et al., 2017). Since the technology is commercially employed and market ready the 

costs are not expected to drop significantly and are, therefore, assumed constant.  
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Table 49: Investment and O&M cost bioethanol to ethylene process 

Parameter Value Unit 

Investment cost 100.975.672 EUR 

Operation time 8.000 h/a 

Lifetime 20 a 

O&M Cost 8.272.522 EUR/a 

Plant Capacity 180.000 t_capacity/a 

Plant Output 164.384 t_output/a 

Discount rate 10 % 

Annuity Investment 11860565 EUR/a 

Specific Investment Cost absolute 560,98 EUR/t_capacity/a 

Specific Investment Cost effective 614,27 EUR/t_output/a 

Specific Investment Cost annualized 72,15 EUR/t_output 

Specific O&M Cost 50,32 EUR/t 

 

Technology Readiness Level (TRL) 

As the bioethylene production is already commercially deployed in Brazil by the company 

Braskem since 2010 (Braskem, 2019), the TRL is at 8-9. The technology is available from the 

start of the modelling period.  

 

A 5.4.3 Methanol-to-Olefins Technology (MTO) 

The methanol to olefins process is an alternative production route for the conventional HVC 

production which is based on the conversion of methanol into ethylene and propylene. The 

MTO process is already in use in some plants some around the world. However, in these 

plants methanol from steam reforming of fossil fuels is being utilized which does not create 

any emission saving (REN et al., 2008). To make the MTO process less emission intensive 

than the steam cracking process the methanol used for the process has to be synthetically 

produced using captured CO2 and hydrogen sourced through electrolysis based on renewable 

electricity. In this description the hydrogen and CO2 are assumed to be supplied externally. 

 

Process description 

The starting point for the MTO process is the methanol production. To produce synthetic meth-

anol, CO2 and hydrogen (information on hydrogen production in chapter A 7.1) react in an 

exothermic reaction characterized as a hydrogenation of CO2. For the reaction to happen a 

catalyst needs to be present. There several catalysts available on the market for the hydro-

genation of CO2 (Bazzanella et al., 2017). The chemical formula is presented in equation (10). 

 

2CO2 + 6H2  
𝑐𝑎𝑡.
↔ 2CH3OH + 2H2O (10) 

 

After the hydrogenation, the methanol needs to be separated from the water in a distillation 

column. The largest plant in which this process is realized is the “The George Olah renewable 

methanol plant” in Iceland with a capacity of 4 kt of methanol per year (CARBON RECYCLING 

INTERNATIONAL, 2019). After the methanol has been produced, it is fed into the MTO pro-

cess. The MTO process is also an exothermic reaction. The process is divided into two steps 

in order to control the heat generation and the temperature increase. In the first step methanol 

is dehydrated into dimethyl ether which is subsequently converted into ethylene and propyl-

ene.  

2CH3OH 
𝑐𝑎𝑡.
↔ 2(CH3)2O + 2H2O (11) 
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(CH3)2O 
𝑐𝑎𝑡.
↔ C2𝐻4 + 2H2O (12) 

3(CH3)2O
𝑐𝑎𝑡.
↔ 2C3𝐻6 + 3H2O (13) 

 

Energy and feedstock demand 

For the methanol production for 1 ton of methanol 189 kg of hydrogen are needed which cor-

responds based on the LHV of hydrogen (119,97 GJ/t) to 22,67 GJ hydrogen per ton of meth-

anol. In terms of energy demand 5,4 GJ electricity per ton methanol are needed to run the 

auxiliary processes (compressors and distillation) of the synthetic methanol production 

(Bazzanella et al., 2017). The electricity demand is expected to decrease by 1% per year (see 

Annex chapter A 10). For the MTO process 2,83 tons of methanol are needed per ton of HVC 

(Bazzanella et al., 2017) which corresponds to 56,32 GJ of methanol based on the low heating 

value (LHV: 19,9 GJ/t Methanol, (Engineering ToolBox, 2003)). Even though the reactions are 

exothermic, also in this process electricity is needed for the side processes. Roughly 5 GJ per 

ton of HVC are needed (Bazzanella et al., 2017). This electricity demand is also expected to 

decrease by the general efficiency gain of 1% per year. 

It has to be mentioned, that in contrast to the conventional methanol and HVC production there 

is no steam export in this process. So, considering a global steam balance a lack of steam 

would occur. This might result in an additional need for energy to create the missing steam. 

The effect of missing steam is not covered in this paper. 

 

Emissions 

The emissions caused by the MTO process are currently higher than in the conventional steam 

cracking process because of the emission intensity of the electricity of today. Therefore, the 

emission will be mentioned for the current system and for the fully decarbonized system in 

2050. The emissions of methanol production highly depend on the emission factor of hydrogen 

which is in turn dependent on the grid electricity factor and the self-production electricity factor. 

Based on the emission factor of hydrogen in 2015 (see annex A 8) 4,69 t of CO2 per ton of 

methanol are emitted (no emissions in 2050). The indirect emissions of the electricity use for 

side processes amount to 0,7 t of CO2 per ton of methanol (in 2050 only emissions from self-

production: 0,11 t of CO2 per ton of methanol). For the feedstock CO2, no emission saving 

effect is included in the balance, as the CO2 is assumed to come from CCS applications of 

other processes included in the model, were the capture has already been counted as an 

emission reduction. Since the emissions caused by the capture of the CO2 are allocated to the 

CCS processes, the CO2 used for the MTO has no indirect emissions.  

The MTO process itself again has indirect emissions due to the use of electricity which amount 

to 0,65 tons of CO2 per ton of HVC (in 2050 only emissions from self-production: 0,10 t of CO2 

per ton of HVC). All the emissions sum up to 15,89 tons of CO2 per ton of HVC in 2015. 

However, in 2050 they would drop to 0,42 tons of CO2 per ton of HVC. 

 

Costs 

The costs of the MTO process are mainly determined by the OPEX specifically by feedstock 

cost. The hydrogen cost is the main driver. This cost is defined in detail in Annex chapter A 

7.1. Concerning the O&M cost it is assumed that they represent 5% of the CAPEX.  

The CAPEX of the synthetic methanol production can be assumed to be equal to the CAPEX 

of the conventional steam reforming production of methanol (Bertau et al., 2014): For this 

process, a specific investment cost of 68,71 EUR per ton production capacity can be pre-

sumed. Based on a plant utilization of 67% (IHS, 2014) this results in a specific investment 

cost of  102,55 EUR per ton of methanol produced. 

For an MTO plant with a capacity of 658 kt of HVC per year an investment of 511,6 Million 

Euros can be assumed (Dutta et al., 2019). Supposing the same utilization as for the other 
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HVC production technologies (93%, Table 43) a specific investment cost of 706,49 EUR per 

ton HVC output per year and an annualized cost (10% discount rate, 20 years lifetime (Dutta 

et al., 2019)) of 82,98 EUR per ton HVC output. There no significant cost decreases expected, 

since the technology is already commercially deployed. 

 

Technology Readiness Level (TRL) 

Concerning the TRL, the process has to be divided into the methanol production and the MTO 

technology. While the production of synthetic methanol via electrolysis and captured CO2 is 

currently at pilot status and therefore has a TRL of 7 (CARBON RECYCLING INTERNA-

TIONAL, 2019), the MTO technology is commercially deployed in several countries already 

today which represents TRL 9 (REN et al., 2008). However, the market entry is not expected 

to be before 2030. Until then several additional pilot plants will be built in the 2020s, like in the 

port of Antwerp (Port of Antwerp, 2019).  

 

A 5.4.4 Electro Cracking 

The electro cracking process follows the same process as the steam cracking process with 

the only difference that the heat of the pyrolysis section of the steam cracker is not supplied 

by burning gas but by electrical power using resistance heaters. This directly reduces the 

carbon footprint of the process if renewable electricity is used. 

 

Process description 

For the pyrolysis of the feedstock, naphtha, temperatures of up to 875°C are needed. This 

means that the resistance heaters have to be supplied with very high current. The high tem-

perature and the high current cause strong wear. The design and the material of the heat 

exchanger are the most crucial process specifications and are still being researched.  

 

Energy and feedstock demand 

The energy and feedstock consumptions are naturally similar to the baseline process except 

for the fuel. As for the steam cracking process, 42,5 GJ of naphtha are needed to produce 1 

ton of HVC. Since the heating with electrical energy is almost loss-free and modern steam 

crackers fuelled with naphtha still have a realistic energy saving potential of 20% (Ren et al., 

2004), it is assumed that the electro cracker will consume 80% less energy than the naphtha 

steam cracker for fuel. Taking this into account, the electricity demand to heat the pyrolysis 

section is 12,4 GJ per ton of HVC in 2015. Afterwards, efficiency gains of 1% per year are 

assumed. The electricity consumed by the cracker is coming from the grid, as the grid has 

lower emission factor than the self-produced electricity. 

At this point, it shall be noted that with the introduction of the electro cracker there will be no 

more steam export by the steam cracker which could have implication for neighbouring pro-

cesses (van Bracht and Braun, 2018).  

 

Emissions 

Through the use of electricity direct process emissions are cut down to the process emissions 

of 0,83 tons of CO2 per ton of HVC. The use of naphtha as a feedstock is causing 0,44 tons 

of indirect CO2 emissions per ton of HVC. More important are the indirect emission of the 

electricity used which amount to 1,82 tons of CO2 in 2015 based on the grid electricity emission 

factor (Annex chapter A 8). This prohibits introducing the process before a significant decar-

bonization of the grid electricity has happened or demands to purchase only renewable elec-

tricity. 
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Costs 

The cost of electro crackers is still difficult to determine. The OPEX will be most important. In 

this study the calculation of the OPEX is dynamic and based on the consumption, the emis-

sions and their corresponding prices (Annex chapter A 9). Since the technology is still very 

immature, the CAPEX will be significantly higher than the CAPEX of a conventional steam 

cracker. The investment costs are in the range of 600.000 – 4.500.000 Euros/MW (NAVI-

GANT, 2019). An exemplary conventional steam cracker has a heat output (assuming 80% 

thermal efficiency) of 310 MWth. This value is derived by the calculation presented in Table 

50. 

 
Table 50: Thermal Output of a steam cracker, (BASF, 2019b) 

Parameter Value Unit 

Total naphtha demand (mass) 1.000.000,00  t naphtha/a 

LHV of naphtha 42,68 GJ/t naphtha 

Total naphtha demand (energy) 42.680.000,00  GJ naphtha/a 

Fuel naphtha demand 11.405.862,07  GJ/a naphtha 

Operation hours (93% utilization) 8147,00  h 

Thermal power 310,00 MWth 

 

Assuming the same thermal and product output the investment cost for an electro cracker is 

calculated in Table 51. 

 
Table 51: Investment cost of an electro cracker, (NAVIGANT, 2019) 

Parameter Value Unit 

Average investment cost 2.550.000,00 EUR/MW 

Total investment 791.381.082,23 EUR 

Lifetime 18,00 Years 

Annuity (10% Discount rate) 96.734.210,75 EUR/a 

Total naphtha demand (mass) 1.000.000,00  t Naphtha/a 

Total naphtha demand (energy) 42.680.000,00  GJ Naphtha/a 

Total production HVC 735.862,07 t HVC/a 

Annualized specific investment cost 131,13 EUR/ t HVC 

 

The investment cost is assumed to decrease over the modelling period. In the end of the 

modelling period it is assumed that the investment cost will be roughly the same as for con-

ventional crackers (refer to Annex chapter A 11 for the specific values). The O&M cost of an 

electro cracker is assumed to be 5% of the CAPEX.  

 

Technology Readiness Level (TRL) 

The electro cracker is currently still being researched. In a research conference by BASF it 

was announced that the company is aiming finalize the testing phase for its first pilot project 

in 2025. Afterwards the cracker will be commercialized (BASF, 2019c). Currently the electro 

cracker is still at TRL 4-5. The market entry is not expected before 2030. 

 

A 5.4.5 Fuel Substitution: Bionaphtha 

This decarbonization technology does not require a process change but is a simple fuel sub-

stitution of naphtha by bionaphtha which is also often referred to as bio pyrolysis oil. It can be 

obtained by feeding biomass or biogenic waste in a pyrolysis plant where the biomass is 
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thermochemically decomposed through rapid heating in the absence of oxygen into bio-oil. 

Side products of the process are biogas and char (Empyro, 2019).  

 

Process description 

The basic process of the steam cracking does not change with this technology. However, the 

amount of bionaphtha which can be added to the feedstock of a naphtha cracker cannot sur-

pass 10% (expert opinion). Therefore, the effect in terms of emission reduction is limited.  

 

Energy and feedstock demand 

Assuming a maximum substitution of naphtha of 10% the feedstock provided by naphtha 

would account for 38,25 GJ/t HVC and 4,25 GJ/t HVC would come from bionaphtha. The fuel 

the split would be as follows: 13,95 GJ/t HVC naphtha and 1,55 GJ/t HVC bionaphtha. As in 

the baseline process there would be an excess steam production of 1,5 GJ/t HVC. The fuel 

use is expected to decrease by 1% annually. The feedstock demand remains unchanged. 

 

Emissions 

The direct fuel and process emission are reduced by 10%. This corresponds exactly to the 

share of bionaphtha in the fuel mix, because its emissions are considered carbon neutral. The 

reduction results in 1,53 tons of direct CO2 emissions/ton HVC. Concerning the indirect emis-

sions bionaphtha is not considered carbon neutral. The upstream emissions of bionaphtha 

(0,0145 tCO2/t bionaphtha, (Fan et al., 2011)) are even higher than the upstream emissions 

of naphtha (0,0103 tCO2/GJ Naphtha, (PRé Consultants, 2019)). This results in indirect up-

stream emissions for fuel of 0,17 tCO2/t HVC. As bionaphtha is used a feedstock which is built 

into the product negative emissions can be counted for the amount of bionaphtha used a 

feedstock. The emission factor of bionaphtha if it is built into the product is -0,0588 t CO2/t 

HVC (Emission factor = Upstream emissions – Carbon content). Together with the upstream 

emissions of naphtha this results in indirect emissions for the use of bionaphtha and naphtha 

as a feedstock of only 0,14 tCO2/t HVC, reducing significantly the overall emission balance 

(Conventional naphtha: 2,29 tCO2/t HVC; Bionaphtha: 1,84 tCO2/t HVC). For an overview of 

the emission factors, please refer to Annex chapter A 8. 

 

Costs 

The costs of a steam cracker using bionaphtha in terms of investments are assumed to be the 

same as for conventional steam crackers, since no modifications of the cracker are needed 

up to a limit of 10% of bionaphtha. However, the bionaphtha is more much more expensive 

than the conventional naphtha. For details refer to Annex chapter “Summary Prices” A 9.  

 

Technology Readiness Level (TRL) 

Already today bionaphtha is sometimes mixed into the feed of steam crackers (BASF, 

2019a). Therefore, the TRL is 9, despite the fact that it is not a standard measure and the 

maximum share of bionaphtha is still being researched (expert opinion). An exemplary pro-

ducer of bionaphtha is Empyro in the Netherlands. The decarbonization technology bionaph-

tha is available from the start of the modelling period.  

 

A 5.5. Decarbonization Technologies - Ammonia Production 

A 5.5.1 Carbon Capture and Storage (CCS) 

The ammonia production qualifies especially for the application of carbon capture technolo-

gies because in the steam reforming process gases with a very high CO2 concentration are 

emitted. 
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Process description 

As described in Annex chapter A 5.2.2, the removal of CO2 from the produced gases of the 

steam reforming process is already part of the ammonia production process. The obtained 

CO2 only needs to be purified and dehydrated before it can be transported via pipelines to 

storage facilities or other production plants where CO2 needed, like in the urea production. For 

storing CO2, it needs to be compressed. This creates an additional energy demand.  

 

Energy and feedstock demand 

The basic energy and feedstock need of the ammonia production processes (see Annex chap-

ter A 5.2.2) do not change with the application of the CCS technology. The energy needed for 

applying CCS is reduced to the energy needed for the purification, dehydration and compres-

sion of the CO2. Through the scrubbing integrated in the ammonia production process roughly 

90% of the CO2 can be removed from the produced gas (Terlouw et al., 2019). This translates 

into 1,94 tons of captured CO2 per ton of ammonia produced. The energy consumption of the 

CCS technology is 0,4 GJ per t CO2 (Ecofys, 2013). The additional electricity requirements 

result in 0,78 GJ per ton of ammonia. The electricity demand for the CCS technology is ex-

pected to decrease by 0,6% per year (Ecofys, 2013).  

 

Emissions 

As for the energy and feedstock demand, the emissions stay the same as in the baseline 

process (see Annex chapter A 5.2.2) minus the 1,94 tons of CO2 captured. The additional 

electricity demand creates more indirect emission. The additional indirect emissions emitted 

in the energy sector and by self-production of electricity amount to 0,1 tons of CO2 per ton of 

ammonia. The emissions decrease with the reduction of the energy use and the decarboniza-

tion of the electricity. 

 

Costs 

On top of the baseline investment cost for the ammonia production (see Annex chapter A 

5.2.2) comes the cost for the CCS technology. Since in this case the capture and compression 

unit can be kept much simpler the investment cost is only 40 EUR/ton of CO2 captured annu-

ally. In addition, the investments for transport and storage facilities need to be made which 

amount to 140 EUR/ton of CO2 captured and stored annually. Including the investment cost 

for the ammonia production the annualized investment cost for the process are 182,73 EUR/t 

of ammonia and 38,51 EUR/t of ammonia only for the CCS infrastructure assuming a lifetime 

of 25 years and a discount rate of 10%. These costs are expected to decrease (see Annex 

chapter A 2.3). The O&M cost are 5% of the CAPEX. 

 

Technology Readiness Level (TRL) 

In the ammonia production the carbon capture is part of the process. Therefore, the crucial 

step in the implementation process of CCS in the ammonia production is setup of a functioning 

transport and storage infrastructure for CO2. The transport of CO2 is fully developed at TRL 9. 

The bottleneck is storage capacity which is currently still at TRL 6 in Germany. There is cur-

rently just one pilot project in Ketzin. Globally the technology is at TRL 8. There are several 

large projects outside of Germany (Markewitz et al., 2017). Due to strong social opposition the 

market entry is difficult to determine. Most literature sources expect a market entry between 

2025 and 2030. For this study a market entry in 2025 will be assumed. 
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A 5.5.2 Fuel Substitution: Biomethane 

This decarbonization technology does not change the basic process but simply replaces the 

fossil fuel and feedstock of the ammonia production with the biogenic alternative of bio-

methane. There are two alternatives ways to produce biomethane: anaerobic digestion and 

thermal gasification. For this study only thermal gasification is studied, as it does not rely on 

first generation biofuels but produces biogas from woody biomass. Therefore, it is potentially 

more environmentally friendly.  

 

Process description 

Biomethane from thermal gasification, often also called bio synthetic natural gas (Bio-SNG), 

is produced by thermally breaking down biomass in a gasifier in the presence of steam and a 

controlled amount of oxygen. In this step, a gas mix of CO2, H2, and CO is produced which is 

called syngas. After the syngas is cooled down and cleaned of ash and impurities containing 

sulphur and chlorides, it is introduced into a methanation reactor where it is converted into 

methane, CO2 and water. After a final separation from the by-products biomethane with an 

equivalent purity and heating value as natural gas is obtained (Terlouw et al., 2019). A visual-

ization of the process is given in Figure 65.  

 

 
Figure 65: Biomethane via thermal gasification; (Terlouw et al., 2019) 

As the biomethane has almost the same quality and properties as natural gas, it can be directly 

used to substitute the natural gas in the ammonia production process. 

 

Energy and feedstock demand 

The energy and feedstock demand of the baseline process of the ammonia production does 

not change (see Annex chapter A 5.2.2). Since there are no technical restrictions known to 

the author for the use of Bio-SNG in the steam reforming process, it is assumed for this as-

sessment that the natural gas is completely replaced by Bio-SNG. As for the baseline process 

the fuel and electricity demand of the process is presumed to decrease by 1% per year. 

 

Emissions 

The direct emissions of the ammonia process when using biomethane are almost completely 

neutralized. This is because the direct emissions of biomethane in terms of combustion and 

process emissions are considered to be carbon neutral. Therefore, they are not counted in the 

emission balance. The production of biomethane creates indirect emissions though. The emis-

sion factor for upstream emissions of biomethane is 0,0122 t CO2/GJ (PRé Consultants, 2019). 

Based on this, the indirect emissions of biomethane amount to 0,47 t CO2 per ton of ammonia. 

In addition to the indirect emissions of biomethane, there also indirect emissions from electric-

ity which are the same as in the baseline process (see Annex chapter A 5.2.2).  
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Costs 

The investment and O&M costs are the same as in the baseline process. The costs remain 

constant as the technology of the baseline is at mature stage. The OPEX increase significantly 

with the usage of biomethane as it is roughly 4 times as expensive as natural gas. However, 

since the technology to produce methane is not yet at a mature stage it is assumed, based on 

a study done by Navigant (Terlouw et al., 2019), that the price will fall. The price of biomethane 

and its development can be seen in Annex chapter A 9.  

 

Technology Readiness Level (TRL) 

Currently, the thermal gasification to produce biomethane is not commercially available yet 

(Terlouw et al., 2019). Various demonstration projects exist in Europe for example the Ambigo 

project in the Netherlands and the GoBiGas project in Sweden. Taking this into account, the 

TRL is 7-8. The main hurdle for full commercial implementation is the cost in comparison to 

natural gas. This hurdle will not be overcome in until 2050. For the model it is assumed bio-

methane will be available from 2025 onwards.  

 

A 5.5.3 Electrolysis 

The main emission intensive step of the conventional ammonia production is the production 

of hydrogen in the steam reformer. Therefore, it would be an effective measure to replace the 

steam reformer with a less emission intensive alternative technology. Such an alternative is 

the production of hydrogen via electrolysis.  

 

Process description 

The ammonia production process changes significantly in the way that there is no need for a 

steam reformer anymore, if the hydrogen is delivered externally. The process description and 

the economic and technical details on electrolysis are presented in chapter A 7.1. The Haber-

Process does not need to change, as the only that changes is the source of the hydrogen 

feed. 

 

Energy and feedstock demand 

For the Haber-Process 178 kg of hydrogen or based on the LHV (119,97 GJ/t) 21,30 GJ of 

hydrogen are needed per ton of ammonia. Besides the hydrogen feed, the process needs only 

electricity; mainly to run the air separation unit (ASU) and the compressors. It should be men-

tioned that the process change leads to a discontinuation of steam export which could raise 

the energy needs in steam receiving external processes. The electricity demand of the process 

is expected to decrease by 1% per year. 

 

Emissions 

In this process configuration there are no direct emissions; only indirect emissions are caused 

by the use of electricity and hydrogen. The indirect emissions account for 0,8 tons of CO2 per 

ton of ammonia in 2015. In the emissions balance, especially in the first years of the modelling 

period, the upstream hydrogen emissions are crucial to the evaluation of emission saving po-

tential. Due to the high electricity demand of hydrogen (see chapter A 7.1) and the high emis-

sion intensity of grid electricity in the beginning of the modelling period, the indirect emissions 

of hydrogen amount to 4,41 tons of CO2 per ton of ammonia. In 2050 in a fully decarbonized 

electricity system hydrogen will be treated as carbon neutral. The only emissions which remain 

in 2050 are the emissions from the self-produced electricity which cause 0,13 tons of CO2 per 

ton of ammonia. 
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Costs 

The OPEX cost are calculated according to the method explained in chapter 4.2 “Calculation 

Methodology”. OPEX are subject to price dynamics and efficiency changes (see Annex chap-

ters A 9 and A 10). The O&M cost are assumed to be 5 % of the CAPEX. For the CAPEX the 

costs are reduced in comparison to the baseline ammonia process. In Table 52 the investment 

cost for the Haber-Process is derived. Presuming a discount rate of 10% and a lifetime of 25 

years (Collodi et al., 2017), an annualized specific investment cost of 91,14 EUR/tNH3 can be 

calculated. 

 
Table 52: Investment cost of Haber-Process; (Collodi et al., 2017) 

Parameter Value Unit 

Example steam reformer capacity 100.000,00 Nm3 H2 /h H2 

Total investment for exemplary steam re-
former 

170.950.000,00 EUR 

Hydrogen ammonia ratio 0,18 t H2/t NH3 

Hydrogen density 0,0899 kg H2/ Nm3 H2 

Specific investment steam reformer 385,43 EUR/tNH3Capacity/a 

Specific investment ammonia production  
(Annex chapter A 5.2.2) 

1047,24 EUR/tNH3Capacity/a 

Specific investment Haber-Bosch process 661,81 EUR/tNH3Capacity/a 

 

Technology Readiness Level (TRL) 

Electrolysis technologies are commercially available and are used in various applications. The 

main research projects are focussed on cost reduction. The TRL is at 9. Main hurdles of the 

realization of this production route are the cost and the missing transport infrastructure for 

external hydrogen supply. Due to this, the implementation of this production option is not ex-

pected before 2025.  

 

A 5.6. Decarbonization Technologies - Chlorine Production 

To limit indirect emissions of the chlorine production (there are no direct emissions), the con-

sumption of electricity must be decreased. One way to significantly reduce the electricity needs 

of the chlorine production, is to employ oxygen depolarized cathodes (ODC). Other measures 

of saving electricity in the chlorine production can be categorized as incremental efficiency 

measures which are covered by the general efficiency gains assumed in the model. Therefore, 

only the ODC technology will be considered for this assessment.  

A 5.6.1 Oxygen Depolarized Cathode  

Process description 

In general, the application of ODCs in membrane chlor alkali electrolysis can be described as 

the integration of a fuel cell in an electrolysis cell. On the cathode side of the electrolysis cell 

(see Figure 63) oxygen is being reduced instead of producing hydrogen. This lowers the volt-

age of the cell by about 1 volt which reduces the power consumption of the electrolysis cell 

(European Commission, 2001).  

 

Anode reaction:          4Cl−  → 2𝐶𝑙2 + 4𝑒
− (14)  

NEW cathode reaction (ODC):       O2 + 2H2O +   4𝑒
− → 4 𝑂𝐻−  (15) 

OLD cathode reaction:       4H2O +   4𝑒
− → 4 𝑂𝐻− +  2H2   (16) 

 

The oxygen needs to be introduced into the membrane cells. For this purpose, additional 

ASUs need to be installed at the production site.  
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Energy and feedstock demand 

Despite the additional energy need for running the ASUs to provide the oxygen, the energy 

demand of the process can be reduced by 27% in comparison to the baseline process. The 

overall electricity demand of the process is at 8,1 GJ per ton of chlorine. This equals an abso-

lute energy saving of 2,88 GJ per ton of chlorine. Based on a DECHEMA study, it is assumed 

that his consumption will reduce by 0,2% per year (Bazzanella et al., 2017).  

It should be noted that after the introduction of the ODC there is no more production of 3,41 

GJ of hydrogen per ton of chlorine. To produce this amount of hydrogen in an electrolysis cell 

in 2015 (see annex chapter A 7.1), 4,8 GJ of electricity would be necessary. In case of an 

increased hydrogen demand from electrolysis, this fact could question the application of the 

ODC technology.  

 

Emissions 

The emissions caused by the process are only due to the use of electricity. Based on the 

emissions factors in annex chapter A 8 for 2015 the indirect emissions from electricity from 

grid and self-production sum up to 0,69 tons of CO2 per ton of chlorine. In 2050, the grid 

electricity will be carbon neutral and only the emissions from self-produced electricity remain. 

 

Costs 

The OPEX cost are calculated according to the method explained in chapter 4.2 “Calculation 

Methodology”. OPEX are subject to price dynamics and efficiency gains (see annex chapter 

A 9 and A 10). As for the ammonia production, the O&M cost is assumed to be 5% of the 

CAPEX. In terms of CAPEX, the ODC technology is more expensive due the increased infra-

structure needs. DECHEMA estimates the investment need at 660 EUR per ton annual pro-

duction capacity of chlorine. Assuming a plant lifetime of 25 years (though some plants run up 

to 40 years (JRC IPTS, 2014)), a discount rate of 10%, and a utilization of 81,4% (Euro Chlor, 

2017) an annualized specific CAPEX of 89,33 EUR per ton of chlorine results. It is expected 

that these costs will decrease by 1% per year in the period from 2015-2040 reaching a com-

parable investment cost as the standard membrane technology in 2040. 

 

Technology Readiness Level (TRL) 

The ODC technology is fully developed and in commercial operation since 2011 at the 

Covestro plant in Krefeld-Uerdingen. Since then the technology has been marketed interna-

tionally (Covestro, 2019). TRL is at 9.   
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A 5.7. Self-Production of Electricity 

Self-production of electricity plays an important role in the chemical sector. Of the 51,5 TWh 

electricity consumed in the chemical industry in 2016 (see Table 40) roughly 32% (16,5 TWh) 

were produced onsite (Statistisches Bundesamt, 2018). For the study it is assumed that the 

most common technology to produce electricity onsite is a combined cycle gas turbine power 

plant (CCGT). In Table 53 the assumed parameters for a representative power plant are 

shown.  

 
Table 53: Parameters of assumed CCGT power plant for self-produced electricity, (V.G.B. PowerTech, 2015) 

Parameter Value 

Power [MW] 100 

Price [EUR/MW] 675.000 

Investment [EUR] 67.500.000 

Lifetime [years] 30 

Full-load hours [h] 1.625 

Yearly energy generation 
[MWh/a] 

162.500 

Discount factor [%] 10 

O&M [EUR/a] 2.100.000 

Electrical efficiency [%] 60 

 

Based on these values and the assumed prices for natural gas in the chemical industry, the 

following CAPEX and OPEX are calculated: 

 
Table 54: CAPEX and OPEX of CCGT power plant for electricity-self production in the chemical industry 

Value Unit 2015 

CAPEX annualized EUR/GJ 12,24 

O&M EUR/GJ 3,59 

Fuel cost chemical industry EUR/GJ 10,52 

 

For the emission factor, 0,33 kg CO2/kWh will be assumed which corresponds to the typical 

emissions of an CCGT plant with an electrical efficiency of 60% (Quaschning, 2015). 
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A 6 Additional Information: Steel Industry 

A 6.1. Sectoral Structure 

In this study the steel industry is represented by the activities summarized under NACE code 

24.1. It represents the manufacturing of basic iron and steel and of ferro-alloys. This excludes 

any downstream process step of the steel manufacturing (represented by the codes 24.2-

24.3).  With a yearly production of roughly 42,1 Mt of steel, Germany has the seventh largest 

steel industry in the world (2,6% of the global production) and the largest in Europe (26% of 

the EU production). Steel is produced based on a primary and secondary route. While the 

primary route is mainly based on iron ore, the secondary route recycles steel scrap. The output 

of primary route makes up 70% of the steel production. Only 30% are based on the secondary 

route (Wirtschaftsvereinigung Stahl, 2017). 

The steel industry is a very energy and resource intensive industry. In 2016 producing a ton 

of crude steel consumed 17,73 GJ of primary energy (average including both routes) 

(Wirtschaftsvereinigung Stahl, 2017). The overall primary energy consumption amounted to 

746 PJ. This equals to 5,5 % of the overall primary energy consumption in Germany and 19% 

of the primary energy consumption of the manufacturing industry (AGEB, 2018), (Umweltbun-

desamt, 2018a). In terms of feedstock demand roughly 1,8 tons non-energy inputs are needed 

to produce 1 ton of steel (Wirtschaftsvereinigung Stahl, 2017).  

The energy supply of the steel industry is primarily made up of fossil fuels. Based on the data 

used in this study, the final energy demand is satisfied by the energy sources listed in Table 

55. 

 
Table 55: Energy consumption of evaluated steel manufacturing processes in 2015 

Energy source Value Unit Value Unit Share  
Electricity 79,22 PJ 22 TWh 12% 

Coal 535,30 PJ 149 TWh 81% 

Natural Gas 43,63 PJ 12 TWh 7% 

 

 

 
Figure 66: Visualization of different steel production routes used globally, (VDEh, 2019) 
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For the primary production of steel, there are three different technological options used glob-

ally. These options are: The classic blast furnace technology in combination with basic oxygen 

furnaces, the direct reduction, and smelting reduction.  

In Germany only the first two technologies are used. With a 97% share of the primary produc-

tion, the blast furnace technology in combination with basic oxygen furnaces is the dominant 

technology. The second technology is based on direct reduction using the MIDREX technol-

ogy.  

For the secondary route there is only one technology used which based electric arc furnaces. 

An overview of the four existent steel production processes including energy and feedstock 

flows is shown in Figure 66.  

A 6.2. Current Technologies 

The production technologies used in Germany shall be described in more detail in the following 

chapter. If not indicated differently, the information provided is based on a non-public study 

carried out by NAVIGANT. 

A 6.2.1 Primary Route: Blast Furnace and Basic Oxygen Furnace (BF/BOF) 

BF/BOF route is the classical route for producing steel. It is a highly complex process and is 

taking place in large industrial complexes, also called integrated steelworks. Next to the fur-

naces these complexes include several necessary additional plants which produce the nec-

essary inputs for the BF. The additional plants may include sinter plants, pelletisation plants, 

and coke oven plants (Umweltbundesamt, 2012).  

 

Process description 

The BF/BOF process starts with the preparation of the iron ore. To achieve high process effi-

ciency, fine iron ores need to be sintered with additives and residues. Another option is the 

agglomeration of fine ores in pellets. Pellets are often produced directly at the iron mines and 

transported to the steelworks in ready-to-use form. Sinter is mainly produced onsite. Together 

with untreated lump iron ore, slag, and limestone, the pre-treated iron ore forms the non-en-

ergy charge of the blast furnace (Umweltbundesamt, 2012).  

The main task of the blast furnace is to reduce the iron oxides in the iron ore to liquid iron. To 

enable to reduction, the blast furnace is charged with alternating layers of non-energy feed 

and a mix of coke and pulverized coal. The coke and coal are reducing agent and fuel at the 

same time. For the reaction a temperature of over 1500°C is needed. This is achieved by 

introducing a hot air (1200°C) at the bottom of the blast furnace. The carbon in the coal and 

coke is gasified with the oxygen in the air to produce the reducing gas carbon monoxide. This 

reaction creates the necessary heat (temperature up to 2200°C). The carbon monoxide rises 

in the blast furnace reducing the iron ore while reacting to carbon dioxide. The liquid iron and 

slag gather at the bottom of the blast furnace and can be tapped and separated.  

After the reduction in the blast furnace the liquid iron, also called pig iron, still contains unde-

sired elements. These elements are removed in the basic oxygen furnace, also called basic 

oxygen converter, by introducing oxygen into the liquid iron. The unwanted elements react 

with the oxygen and float on the metal bath in form of slag which can be subsequently re-

moved. The reaction produces heat which is controlled by introducing steel scrap. The result-

ing melt of the BOF is called crude steel (VDEh, 2019).  

 

Production sites in Germany 

The production of the BF/BOF route is mainly defined by the production of the blast furnaces. 

In Germany there are currently 14 BFs in operation. In Table 56 these blast furnaces are listed 

together with their corresponding yearly output in an anonymised form.  
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Table 56: Production outputs of blast furnaces; (anonymised internal data Navigant) 

Plant 
Production out-
put [kt/Year] 

Plant 1 1.829 

Plant 2 1.555 

Plant 3 3.201 

Plant 4 4.024 

Plant 5 2.003 

Plant 6 2.378 

Plant 7 732 

Plant 8 1.829 

Plant 9 1.829 

Plant 10 2.314 

Plant 11 1.308 

Plant 12 2.286 

Plant 13 2.469 

Plant 14 1.683 

TOTAL [kt/a] 29.438 

Share in steel production 68,91% 

 

Since BF/BOF route is the most polluting of the steel production routes, it is assumed that 

there is large pressure for modernization. So, even though usually BFs are relined after 30-35 

years, in the model the reinvestment is assumed to happen after 20 years. Table 57 provides 

information for each blast furnaces concerning the year of construction, last relining and the 

estimated year of reinvestment based on the above assumption.  

 
Table 57: Year of construction, relining, and reinvestment of blast furnaces, (anonymised internal data Navigant) 

Plant Year of start up Year of relining Years until reinvest Year of reinvest 

Plant 1   20 2027 

Plant 2   20 2028 

Plant 3   20 2028 

Plant 4   20 2029 

Plant 5   20 2029 

Plant 6   20 2030 

Plant 7   20 2032 

Plant 8   20 2033 

Plant 9   20 2034 

Plant 10   20 2035 

Plant 11   20 2036 

Plant 12   20 2036 

Plant 13   20 2036 

Plant 14   20 2037 

 

Energy and feedstock demand 

For the BF/BOF process, mainly coal is needed to run the process because coal acts as fuel 

and reducing agent in the blast furnace. To enhance the process efficiency also natural gas is 

fed into the blast furnace. Most auxiliary appliances are run on self-produced electricity which 

is generated using energy-rich off gases from the coking plant and the blast furnace. Last but 

not least, steam is needed in the coking plant and the blast furnace for driving several side 
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processes. The specific energy requirements used in the study cannot be published because 

they are confidential. Instead, the weighted average of the typical specific energy consump-

tions the BF/BOF route in Europe are provided in Table 58. 

 
Table 58: Exemplary energy demand of BF/BOF steel production, (Umweltbundesamt, 2012) 

Energy source Energy consumption  
[GJ/t Steel] 

Annual efficiency gain  
assumed in the study 

Coal 15,24 

1% 
Natural Gas 0,66 

Electricity 0,39 

Steam 0,13 

 

As mentioned above, the steel production is not only very energy but also resource intensive.  

The feedstock demand used for this study cannot be published as it is confidential. Instead, 

average consumption of the most important non-inputs of BF/BOF production plants in the EU 

is listed in Table 59.  

 
Table 59: Exemplary feedstock demand of BF/BOF steel production, (Umweltbundesamt, 2012) 

Feedstock 
(Non-Energy) 

Feedstock consumption 
[t Feedstock/t Steel] 

Annual efficiency gain  
assumed in the study 

Sinter 1,09 

0% 

Iron Ore 0,18 

Pellets 0,36 

Limestone/Lime 0,08 

Oxygen 0,14 

Scrap 0,22 

 

Emissions 

Due to the high coal consumption, the BF/BOF process has large CO2 emissions. The con-

sumption of coal and natural gas create 1,87 t of CO2 emissions per ton of steel. The indirect 

upstream emission from the use of the fossil fuels amount to 0,35 tons of CO2 per ton of steel. 

The emissions are calculated based on the emission factors listed in Table 66 (for the EF of 

self-produced electricity in the steel industry, see Annex chapter A 6.4). With the efficiency 

gains assumed for the energy use, these emissions are reduced over the modelling period. 

The emissions resulting from the upstream emissions of the feedstocks used in the process 

sum up to 0,08 tons of CO2 per ton of steel (EF used are listed in Table 67). Until 2050, the 

indirect feedstock emissions can be lowered slightly because of a carbon neutral production 

of oxygen. 

 

Cost 

The production cost is highly dependent on the energy and feedstock costs which are calcu-

lated according to the method explained in chapter 4.2 “Calculation Methodology”. In 2015 

these costs make up roughly 50-60% of the production cost. Based on price dynamics (see 

Annex chapter A 9) and efficiency gains (mentioned above) the energy and feedstock costs 

decrease until 2050 by about 15%. The O&M cost is between 20-35% of the production cost 

(BCG and VDEh, 2013), and is assumed to be constant over the modelling period. The CAPEX 

is based on the assumption that no new BF/BOF plants will be built. Hence, the CAPEX only 

represents the cost arising from a retrofit of the existent plants. The annualized investment 

cost makes up 5-15% of the production cost. As the technology is fully mature, there is no cost 

reduction assumed for the CAPEX.  
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A 6.2.2 Primary Route: Direct Reduction Route with Natural Gas 

In the overall steel production in Germany the direct reduction (DR) route contributes only a 

small share of 2%. As the technology sets the basis for one of the most important decarboni-

zation technologies, the DR with hydrogen, the technology shall be presented in more detail 

in the following. In the DR route, fine iron ore is directly reduced with natural gas producing 

direct reduced iron (DRI) which is subsequently transformed into steel in electric arc furnaces 

(EAF). The main benefit of the process is that no more coke is needed for the production 

(Umweltbundesamt, 2012). 

  

Process description 

For the DR process, there are several different technologies available on the market (see 

Figure 66). In Germany the MIDREX technology is used which is carries out DR in a shaft 

furnace. The MIDREX process accepts all mixes of lump iron and iron pellets.  

Descending the shaft, the feed is reduced by an ascending reduction gas. The gas is based 

on a mixture of natural gas and recycled top gas (see Figure 67). The gas mixture is chemically 

transformed in the presence of a catalyst into hydrogen and carbon monoxide. The reduction 

in the shaft happens at lower temperatures than in the blast furnaces (900°C). Therefore, no 

liquid iron is created, and the gangue content remains in the product which is called iron 

sponge or DRI. For transport, the iron sponge is sometimes further compressed to hot bri-

quetted iron (HBI). The DRI contains more than 92% of metal. After the reduction the DRI is 

fed into electric arc furnaces for removing undesired impurities. The functioning of the electric 

arc furnace is described in the following chapter (The Institute for Industrial Productivity, 2019), 

(Umweltbundesamt, 2012). 

 

 
Figure 67: Process visualization of the MIDREX steel production technology, (The Institute for Industrial Productiv-
ity, 2019) 

Production sites in Germany 

There is currently only one production plant in Germany, situated in Hamburg, which is making 

use of the DR. This is mainly due to the fact that the DR technology can achieve its highest 

profitability in countries with low natural gas and electricity cost which is both not the case in 

Germany. The DR plant with its assumed yearly production and estimated year of reinvest-

ment is given in Table 60. 
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Table 60: Production output and year of reinvestment of DR plant with natural gas  

Location Company Production output 
[kt/Year] 

Year of 
reinvest 

HAMBURG ARCELORMITTAL HAMBURG GMBH 1.006 2031 

 

Energy and feedstock demand 

The energy demand of the DR process as assumed for the study is confidential. In general, 

the energy consumption is mainly based on natural gas and electricity. Some plants also use 

coal as an energy carrier. For the MIDREX technology used in the plant in Hamburg, the 

average energy consumption is at 10,5 GJ/t of steel which is significantly lower than the energy 

demand of the BF/BOF route (Umweltbundesamt, 2012). In the study the energy consumption 

is assumed to decrease by 1%.  

The feedstock demand is mainly made up of iron ore, pellets and scrap. Like in the BF/BOF 

route also the DR requires lime and oxygen. The specific feedstock demand is confidential. 

For the study it is assumed that the feedstock demand does not change. 

 

Emissions 

The emissions of the DR steel production are mainly based on the combustion of natural gas. 

Including other emissions 0,60 tons of direct CO2 emissions per ton of steel are created. The 

fossil fuel but also the electricity demand creates considerable upstream emissions which sum 

up to 0,59 t CO2/t. In general, the emissions decrease with the reduction of the consumption 

based on the annual efficiency gains of 1%. The constant feedstock consumption creates 

upstream emissions of 0,13 t CO2/ t Steel. These emissions can be slightly lowered based on 

the decarbonization of the oxygen production (see Table 67). 

 

Cost 

The cost of DR with natural gas highly dependents on the energy and feedstock cost which is 

calculated according to the method explained in chapter 4.2 “Calculation Methodology”. In 

2015 the cost is between 60-70% of the total production cost. These costs are subject to price 

dynamics (see Annex chapter A 9) and efficiency gains (mentioned above). This leads to a 

reduction of the latter by roughly 10% until 2050. The O&M cost is assumed to be constant 

and accounts for 10-20% of the production cost (BCG and VDEh, 2013). The annualized 

CAPEX account for 10-20% of the total cost. As the technology is fully mature, there is no cost 

reduction assumed for the CAPEX.  

 

A 6.2.3 Secondary Route: Electric Arc Furnaces (EAF) 

The secondary route for steel production is making up 29% of the German steel production. 

The technology is based on melting down steel scrap in EAFs. Currently 22 facilities exist in 

Germany.  

 

Process description 

The EAFs are charged with a feed of scrap and HBI via metal basket hanging over the open 
EAF vessel. The charge is usually preheated before being dropped into vessel with waste heat 
recovered at the EAF (Umweltbundesamt, 2012). After the vessel is charged with a small 
amount of coal for adjusting the carbon content of the resulting steel, adding additional chem-
ical energy, and enabling the foaming of the slag (Reichel et al., 2014), it is closed. The charge 
is subsequently melted down, first, with a gas burner (Otto et al., 2017) and subsequently with 
an electric arc generated inside of the vessel close to the scrap. Normally, after melting the 
first charge, another charge is added before tapping the steel. Generating an electric arc which 
creates the necessary temperature of roughly 1800°C, consumes large amounts of electrical 
energy. To improve the process efficiency and the forming of slag, oxygen is introduced into 
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the EAF. For mixing the melt inert gases like Argon are introduced from the bottom of the EAF. 
After separating the slag from the molten steel, the product usually undergoes secondary met-
allurgical procedures for refining the steel (Umweltbundesamt, 2012). These processes are 
not part of the assessment. 
 

Production sites in Germany 

The 22 EAF facilities have an average output of 558 kt per year. The largest plant can produce 

more than twice as much. A list of all the existent plants in an anonymised form is given in 

Table 61.  

 
Table 61: Production outputs of electric arc furnaces; (anonymised internal data Navigant) 

Plant Production output [kt/year] 

Plant 1 823 

Plant 2 1.052 

Plant 3 91 

Plant 4 274 

Plant 5 823 

Plant 6 457 

Plant 7 457 

Plant 8 530 

Plant 9 1.052 

Plant 10 46 

Plant 11 567 

Plant 12 1.006 

Plant 13 549 

Plant 14 549 

Plant 15 137 

Plant 16 439 

Plant 17 82 

Plant 18 915 

Plant 19 823 

Plant 20 366 

Plant 21 915 

Plant 22 320 

Total [kt/year] 12.273 

Share in steel production [%] 28,73% 

 

Even though EAF plants are statistically modernized after approximately 20-25 years, 30 years 

will be the assumed time frame until reinvestments will be done. This is due the fact that EAFs 

have the lowest carbon footprint of all technological alternatives in the steel sector. Hence, 

there is no pressure for an early reinvestment. A list of the reinvestment moments of the ex-

istent production plants is given in Table 62. 
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Table 62: Year of construction and expected year of reinvestment of electric arc furnaces; (Anonymised internal 
data Navigant)  

Plant 
Year of 
start up 

Year of  
modernization 

Years until  
reinvest 

Year of 
reinvest 

Plant 1   30 2016 

Plant 2   30 2021 

Plant 3   30 2022 

Plant 4   30 2022 

Plant 5   30 2024 

Plant 6   30 2024 

Plant 7   30 2025 

Plant 8   30 2025 

Plant 9   30 2027 

Plant 10   30 2027 

Plant 11   30 2029 

Plant 12   30 2031 

Plant 13   30 2036 

Plant 14   30 2036 

Plant 15   30 2036 

Plant 16   30 2036 

Plant 17   30 2037 

Plant 18   30 2040 

Plant 19   30 2043 

Plant 20   30 2045 

Plant 21   30 2046 

Plant 22   30 2047 

 

Energy and feedstock demand 

As explained in the process description, next to electricity, also natural gas and coal are used 

in EAF plants. The largest part of the energy demand is delivered by electricity. The specific 

energy demand of the EAF used in this study is confidential. Instead the average energy de-

mand of EAF will be provided as an indication in Table 63. 

 
Table 63: Exemplary energy consumption of EAF steel production 

Energy source Energy consumption  
[GJ/t Steel] 

Annual efficiency gain  
assumed in the study 

Electricity  
(Umweltbundesamt, 2012) 

2,07 

1% 
Natural Gas 
(Umweltbundesamt, 2012) 

0,775 

Coal 
(Reichel et al., 2014) 

0,36 

 

The main feedstock of EAF plants is steel scrap from various sources and HBI from DR plants. 

Sometimes ferroalloys are added to adjust the desired concentrations of non-ferrous metals 

in the finished steel. For collecting the undesired materials, lime is added to the feed as a flux. 
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To produce slag during the melting of the feedstock, oxygen is introduced into the melt. The 

specific feedstock demand used in the study is confidential. Instead the average feedstock 

demand of average EU EAF plants is presented in Table 64. 

 
Table 64: Exemplary feedstock demand of EAF steel production, (Umweltbundesamt, 2012) 

Feedstock 
(Non-Energy) 

Feedstock consumption  
[t Feedstock/t Steel] 

Annual efficiency gain  
assumed in the study 

HBI 0,11 

0% 
Scrap 1,14 

Oxygen 0,05 

Limestone/Lime 0,08 

 

Emissions 

The combustion of natural gas and coal leads to direct emissions in the secondary route. 0,11 

tons of direct CO2 emissions per ton of steel are created. The corresponding upstream emis-

sions are 0,02 t CO2/ t steel. The electricity consumption and the indirect emissions of the 

feedstocks create additional upstream emissions amounting to 0,42 tons of CO2/ ton of steel. 

These indirect emissions are significantly reduced until 2050, thanks to the decarbonization of 

the electricity generation. 

  

Cost 

The cost of the secondary route mainly depends on the energy and feedstock costs which are 

calculated according to the method explained in chapter 4.2 “Calculation Methodology”. In 

2015 these costs make up 70-80% of the production cost. These costs are subject to price 

dynamics (see Annex chapter A 9) and efficiency gains (mentioned above) which result in a 

decrease of the latter by about 5%. The O&M cost make up roughly 10-20% of the total cost. 

The annualized CAPEX is the lowest of all alternative production routes and accounts for less 

than 10% of the overall cost. As the technology is fully mature, there is no cost reduction 

assumed for the CAPEX.  

 

A 6.2.4 Reinvestment Schedule of Steel Production Plants 

Taking into account the information in Table 57, Table 60, and Table 62 the following reinvest-

ment schedule can be determined for the existent steel production plants.  

 

 
Figure 68: Reinvestment schedule for steel production plants 
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A 6.3. Decarbonization Technologies 

In a non-public study Navigant identified several promising decarbonization technologies. The 

ones considered for this study shall be presented in detail in the following. If not indicated 

differently, the information provided is taken from the mentioned study. 

 

A 6.3.1 BF/BOF with Top Gas Recovery and CCS 

Process description 

The decarbonization technology top gas recovery or top gas recycling is applied to blast fur-

naces. It is based on the capture of the off gases of the BFs. The technology retrieves the 

useful energy-rich components in the off gases and reintroduces them into the BFs were they 

can be used as fuel and reducing agent. In addition, the technology can be improved by intro-

ducing pure oxygen into the BFs instead of air containing unwanted nitrogen. This leads to off 

gases with higher partial CO2 pressures which facilitates the application of energy efficient 

CO2 capture systems to the blast furnaces (for details on CCS system see Annex chapter A 

7.2), (Remus, 2013). A visualization of the top gas recycling concept with an optional CCS 

system is depicted in Figure 69. 

 

 
Figure 69: Visualization of the BF/BOF route with top gas recovery and CCS, (Remus, 2013) 

Energy and feedstock demand  

The top gas recovery system leads to a substantial reduction in fuel and reducing agent de-

mand of the BFs. Roughly 25% of the coke can be saved. As the top gas cannot be used 

anymore for electricity production, the fuel demand of the power plants in the integrated steel-

works rises with the application of top gas recovery. This reduces the overall saving effect 

(Remus, 2013). The specific energy used in this study is confidential. For the energy demand 

of the process overall efficiency gains of 1% per year are assumed. The feedstock demand 

can be considered the same as for the BF/BOF route and stays constant over the modelling 

period. 
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Emissions 

The lack of top gas for electricity generation also reduces the emission reduction of the meas-

ure. Depending on the fuel which is used to replace the top gas, the emission savings are 

between 10-25% in comparison to the simple BF/BOF route considering only direct emissions 

(Remus, 2013). If CCS is applied the direct emission can be reduced by 50-70%. The de-

creased fuel and reducing agent demand also lead to a significant reduction in the upstream 

emission. The upstream emissions originating from fossil fuels can be reduced by 15-35%. 

Based on the efficiency gains assumed for fuel use of the BF/BOF route these (see Annex 

chapter A 6.2.1) emissions decrease over the modelling period.  

Upstream emissions resulting from electricity use and feedstocks are higher because of a 

higher electricity demand for oxygen and CCS. However, these additional emissions are neu-

tralized until 2050 based on carbon free electricity. 

 

Cost 

As for the BF/BOF route OPEX are mainly coming energy and feedstock costs (based on 

method explained in chapter 4.2 “Calculation Methodology”). The general composition of pro-

duction cost and the decrease in energy and feedstock costs until 2050 remains the same. 

The same goes for the O&M cost. The combination of top gas recovery with CCS raises the 

O&M by 10-20%. This increase gradually reduces until 2050, as less emissions have to be 

captured. In comparison to the BF/BOF route the annualized CAPEX increase significantly by 

30-70% depending if CCS is used or not. Since the technology is not mature, a cost reduction 

of 0,5% per year is assumed for both technologies for the first 15 years. In the years 2030 until 

2040 top gas recovery including CCS will see further cost reduction by 0,25% per year (own 

assumption).  

 

Technology readiness level (TRL) 

The simple top gas recovery is a technology which is already applied in some pilot plants as 

part of the ULCOS project, a well-funded European research project investigating carbon mit-

igation strategies in steel manufacturing (Remus, 2013), (van der Stel, 2014). Hence, the TRL 

is at 7-8 and could be applied from the start of the modelling period. For the combined system 

with CCS the TRL is lower. CCS in combination with top gas recycling has been tested but so 

far not in industrial scale projects (Junjie, 2018). The TRL is at 5-6. The market entry can be 

expected in 2025 at the time as in the chemical industry (expert opinion). 

A 6.3.2 HIsarna with CCS 

The HIsarna process with CCS is, like the BF with top gas recovery, one of the projects in 

ULCOS project funded by the EU. The HIsarna production technology is based on a smelting 

reduction (see Figure 66). However, it deviates from the traditional smelting reduction route. 

 

Process description 

A HIsarna plant consists of a cyclone converter furnace (CCF) and smelting reduction vessel 

(SRV). The HIsarna process has several steps. First, fine iron ore and oxygen are injected 

into the cyclone converter where off gas from the subsequent smelting vessel is burned. The 

reaction heat melts the iron ore until it drops down into the smelting vessel (at this point 10-

20% of the ore is reduced). Here, preheated and partly pyrolyzed coal is injected via nitrogen 

into the vessel which contains the metal bath fed by the CCF. In an endothermic reaction the 

rest of the iron ore gets reduced by the semi-coke injected into SRV. The gases created in the 

reaction rise upwards into the CCF. The advantages of the process are that it does not need 

any sintering or coking plants to prepare the feed of the furnace. In addition, the flue gases 

from the CCF have a such high a CO2 concentration that they can be directly captured and 

stored without the need of CO2 scrubber technologies. Other advantages include the ability to 



 

117 
 

use thermal coal instead of metallurgical coal and the possibility to use low grade iron ore 

(Junjie, 2018). The visualization of the process is given in Figure 70. The SRV is called by its 

brand name HIsmelt in the figure.  

 

 
Figure 70: Process visualization of HIsarna with CCS, (Junjie, 2018) 

After the HIsarna process the resulting pig iron/ liquid iron is introduced into a BOF where it is 

mixed with steel scrap and transformed into crude steel.  

 

Energy and feedstock demand 

The specific energy and feedstock consumption of the HIsarna technology used in this study 

is confidential. In general, it can be said that the HIsarna process is able to lower the energy 

demand of the steel production in comparison to the conventional BF/BOF route by 20% (Jun-

jie, 2018). The energy demand is assumed to be subject of efficiency gains of 1% per year. In 

terms of feedstock mainly fine iron ore is needed. After the transformation to pig iron, scrap is 

added in the BOF. Additionally, as in the other processes lime is needed to produce slag and 

oxygen for the BOF process. The feedstock demand is assumed to be constant. 

 

Emissions 

Based on the carbon capture and the reduced coal demand the direct emissions of the HIsarna 

process can be significantly reduced to XX tons of CO2/ ton of steel. The upstream emissions 

are in this case larger than the direct emissions and amount to XX t CO2 / t Steel. Here the 

upstream emissions of the fossil fuels have the largest share. The emissions coming from the 

fuels decrease with the assumed efficiency gains. Another emission saving factor are the de-

creasing indirect emissions from electricity. Thus, the overall emissions in 2050 end up at XX 

t CO2/t Steel.   

 

Cost 

The energy and feedstock costs dominate the costs of the HIsarna process. The share of 

these costs in 2015 is between 60 and 70% of the overall production cost. Based on price 

dynamics (see Annex chapter A 9) and efficiency gains (mentioned above) the absolute value 

decreases by about 10% until 2050. The O&M cost makes up 20-30% of the production cost 

(BCG and VDEh, 2013) and decreases slightly until 2050 as less emissions have to be cap-

tured. The annualized CAPEX is second highest of all alternatives and amounts to 10-20% of 
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the production cost. Since the technology is still immature, the following cost reductions are 

expected: 0,5% per year from 2015 until 2030 and 0,25% from 2030 until 2040 (own assump-

tion). 

 

Technology readiness level (TRL) 

Since 2010 there is a pilot plant existent in Ijmuiden in the Netherlands run by TATA steel 

(Junjie, 2018). Hence, the TRL is currently at 7-8. However, it is not expected that the tech-

nology will become commercially available before 2035 (expert opinion). 

 

A 6.3.3 BF/BOF with Carbon2Chem 

Process description 

Like the top gas recovery technology, the Carbon2Chem technology captures the off gases of 

the blast furnaces. Instead of reintroducing them into the furnace, the top gases are used to 

produce methanol which can be subsequently used as feedstock in the chemical industry. 

Methanol is usually produced based on syngas (CO and H2) created with natural gas. The top 

gas of the BF has a concentration of 1-5% hydrogen,  20-28% carbon monoxide and 17-25% 

carbon dioxide (Umweltbundesamt, 2012). As described in Annex chapter A 5.4.3, it is also 

possible to produce Methanol from CO2. Thus, the top gases are a good basis for producing 

methanol. Before the reactions can happen, the desired top gas components need to be sep-

arated from the other components in a gas cleaning process. Afterwards additional hydrogen 

is needed which is supplied by electrolysis plants (also see Annex chapter A 7.1). Finally the 

CO2 and CO react with hydrogen to form methanol (Fraunhofer UMSICHT, 2018). The pro-

duced methanol can be used in many different applications in the chemical industry, for ex-

ample in the MTO process. 

 

Energy and feedstock demand 

The energy and the feedstock demand of the Carbon2Chem process is largely similar to the 

BF/BOF process. Since the Carbon2Chem process transforms the top gases into methanol, 

no more electricity can be produced based on these gases. The missing electricity and the 

electricity needed to drive the Carbon2Chem process needs to be purchased externally. On 

top, large amounts of hydrogen are needed. If these are produced onsite the electricity de-

mand would be even higher. The specific energy and feedstock demand of the Carbon2Chem 

process is confidential. For energy and feedstock demand the efficiency gains listed in Table 

72 are assumed. 

 

Emissions 

The direct emissions in the Carbon2Chem process are significantly lower than in the BF/BOF 

process. About XX% of the CO2 emissions are captured. This results in only XX t of direct CO2 

emissions per t steel. The fuels, feedstocks and electricity cause XX t of indirect CO2 emis-

sions. These high emissions are mainly based on the high demand of hydrogen. In 2050, the 

indirect emissions amount to only XX t CO2 per t steel.  

 

Cost 

The energy and feedstock costs of the Carbon2Chem process are considerably higher than 

in the basic BF/BOF process. Instead of 50-60%, the share can reach up to 65-75% of the 

overall production cost. These costs are subject to price dynamics (see Annex chapter A 9) 

and efficiency gains (mentioned above). The reduction in the hydrogen prices and the increas-

ing income from the sale of methanol based on the rising methanol price (see Table 68) lead 

to a strong reduction in the net energy and feedstock cost. In 2050 the balance of the earnings 

from methanol and the cost of the inputs the makes up only 10-20% of the production cost. 
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The O&M cost is between 20-30% of the total cost. The annualized CAPEX is high in compar-

ison to the CAPEX of the other alternatives and accounts for 10-20% of the total cost. Since 

the technology is still immature, the following cost reductions are expected: 0,5% per year 

from 2015 until 2030 and 0,25% from 2030 until 2040 (own assumption). 

 

Technology readiness level (TRL) 

The Carbon2Chem process is currently being researched in a pilot plant in Duisburg (Bender, 

2018). Hence, the TRL of the technology is at 7. It is assumed that the market entry of the 

technology will be possible in 2025 (expert opinion). 

 

A 6.3.4 BF/BOF with Steelanol 

Process description 

The Steelanol process is based on the BF/BOF process. Like the Carbon2Chem process the 

Steelanol process makes use of the top gases emitted by the blast furnace. Instead of pro-

ducing methanol the Steelanol process exports ethanol. For this purpose, the CO, CO2 and 

hydrogen in the top gases are isolated and introduced into a bioreactor. Here the isolated top 

gases are transformed into ethanol in a fermentation process based on bacteria. For the trans-

formation of CO2 additional hydrogen has to be added the process. The ethanol can be re-

trieved in a distillation process and used as a fuel in the transport sector or as feedstock for 

the ethylene production (see also Annex chapter A 5.4.2). After the extraction of the ethanol, 

the remaining fluid is introduced into a biodigester where the dead bacteria from the bioreactor 

decompose producing biogas. The biogas can be used to power the plant and deliver heat to 

the processes (Sherrard, 2018). The single steps of the process are shown in Figure 71.  

 
Figure 71: Visualization Steelanol process, (Arcelor Mittal et al., 2019) 

Energy and feedstock demand 

The energy demand of the Steelanol process differs from the standard BF/BOF demand. Since 

the top gases are used for the ethanol production less self-production of electricity is possible. 

Most of the much larger electricity demand is satisfied with purchased with electricity from the 
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grid. Additionally, to enable the creation of ethanol large amounts of hydrogen have to be 

imported or produced onsite. Lastly, biomass is needed as feed for the fermenter. The energy 

demand is assumed to decrease by 1% per year. The feedstock demand of the Steelanol 

process is largely similar to the BF/BOF rout and is assumed to be constant. 

 

Emissions 

The direct emissions are largely neutralized with in the Steelanol process as XX% of the CO2 

emissions can be sequestered in the ethanol. This leads to direct CO2 emissions of only XX 

tCO2/tsteel. These emissions even reduce slightly, thanks to efficiency gains. However, when 

taking into account the indirect emissions of the process created mainly through the use of 

hydrogen and electricity the emission balance is not as positive. In 2015 the process has 

indirect emissions of XX tCO2/tSteel. As the power sector decarbonizes the indirect emissions 

from electricity and hydrogen are neutralized and only the indirect emissions from the feed-

stock and fossil fuel use remain. They amount to XX tCO2/tSteel.  

 

Cost 

The production cost of the Steelanol process are mainly coming from the energy and feedstock 

costs (based on method explained in chapter 4.2 “Calculation Methodology”). The share of 

the energy and feedstock cost is between 60 and 70% of the overall production cost. Thanks 

to increasing revenues from the sale of ethanol based on an increasing market prices for eth-

anol until 2050 (see Table 68), the net cost of energy and feedstocks is reducing strongly. In 

2050, the share is only at 10 to 20% of the overall production cost. This strongly changes the 

composition of the production cost which also strongly decreases based on this revenue 

stream. While in 2015 the O&M cost are between 30-40% of the total production cost, in 2050 

they make 60-70%. For the CAPEX the share changes from 5-15% to 10-20%. The annualized 

CAPEX reduces according to the cost reduction listed in Table 73 (own assumption). 

 

Technology readiness level (TRL) 

A pilot plant for the Steelanol process is currently under construction in Ghent (Belgium) and 

is expected to start operation mid 2020 (Sherrard, 2018). The TRL is currently at 4-5. The 

market entry is expected after the pilot phase for 2025 (expert opinion).  

 

A 6.3.5 Direct reduction with H2 and EAF 

Process description 

The process of DR with H2 follows the same process (MIDREX) as the DR with natural gas 

(Annex chapter A 6.2.2). Instead of reforming natural gas and using CO and H2 as a reducing 

agent in the shaft furnace, H2 produced by water electrolysis is used in this process. Reducing 

iron oxide with hydrogen creates only water as a side product. No CO2 is created using H2 as 

a reducing agent. All other process steps are the same as for the DR with natural gas with one 

exception: Since in the reducing agent does not contain any carbon, coal needs to be added 

to the EAF regulate the carbon content of the resulting steel (Otto et al., 2017).  

 

Energy and feedstock demand 

The energy and feedstock demand of the process is basically the same as for the DR with 

natural gas except for the demand of natural gas. Even though natural gas is replaced as a 

reducing agent by hydrogen, a small amount of natural gas is still used to deliver heat to the 

process. As mentioned above, also a small amount of coal is needed for metallurgical reasons. 

The energy demand is assumed to decrease by 1% per year. The feedstock demand remains 

constant and is made up of DRI pellets, scrap and lime. In addition, the EAF requires oxygen.  
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Emissions 

The direct emissions of the DR with H2 steel are mainly based on the combustion of natural 

gas and coal. In 2015 in total XX tons of direct CO2 emissions per ton of steel are created. 

These emissions reduce with the assumed efficiency gains. The indirect emissions primarily 

result from the use of hydrogen and electricity. In 2015 the indirect emissions add up to XX 

tons of CO2 emissions per ton of steel. These emissions strongly reduce with the decarboni-

zation of the electricity sector. In 2050 the indirect emission amount to XX tons of CO2 per ton 

of steel. 

 

Cost 

The production cost of DR with H2 are mostly made of energy and feedstock costs. They 

account for 70-80% of the production cost during the whole modelling period. As the hydrogen 

price decreases during the modelling period and the efficiency of the process increases, the 

absolute energy cost decrease by more than 50%. The O&M cost make up 10-20% and the 

CAPEX 5-15% of the overall cost.  

 

Technology readiness level (TRL) 

Today there are pilots in different steelworks where hydrogen is being produced to substitute 

natural gas and coal in different parts of the steel production process (thyssenkrupp, 2019), 

(FONA, 2019). A pilot for the MIDREX process with hydrogen is currently being planned (Arce-

lorMittal Deutschland, 2019). Therefore, the TRL is currently at 6. The market entry is expected 

for 2025 (expert opinion). 

 

A 6.4. Self-Production of Electricity 

Self-produced electricity satisfies almost half of the electricity demand in the steel industry. Of 

the total electricity consumption of the steel industry, which amounted to 25,6 TWh in 2016, 

about 47,1% was self-produced. Self-produced electricity is generated based on the energy-

rich gases escaping the coking plants and the blast furnaces. Moreover, waste heat from the 

blast furnaces, basic oxygen converters and coke plants is used in steam turbines to generate 

electricity (Wirtschaftsvereinigung Stahl, 2017). As the steel industry uses only waste products 

to produce electricity, there are virtually no fuel costs for electricity generation. For the CAPEX 

and O&M cost, the same values as in the chemical industry are assumed (Table 54). Thus, 

the self-production of electricity in the steel industry costs: 15,83 EUR/GJ. These costs are 

assumed to be constant. The emission factor of the self-produced electricity is set to 0, be-

cause the emissions are allocated to consumption of energy carriers in the steel production. 
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A 7 Additional Information: Cross-Sectoral Technologies 

In both the chemical and the steel industry certain decarbonization technologies rely on the 

same side processes, namely the electrolysis technology for the production of hydrogen and 

the CCS technology for sequestering CO2. For this reason, these two technologies shall be 

discussed separately in detail in the following. 

A 7.1. Hydrogen Production 

Hydrogen production today based on two processes: Steam reforming and electrolysis. Steam 

reforming covers 97% of the total hydrogen production (Aicher et al., 2004). As described in 

Annex chapter A 5.2.2 the steam reforming process is very emission intensive. Electrolysis 

could be potentially less emission intensive or even carbon neutral if it would be fully based 

on renewable electricity. Thus, hydrogen from electrolysis can be the base decarbonizing the 

HVC, ammonia, and steel production.  

There are currently mainly three different electrolysis technologies available: The alkaline, 

proton exchange membrane (PEM) and high temperature electrolysis (Bazzanella et al., 

2017). For this study the proton exchange membrane (PEM) electrolysis shall be used as a 

proxy for other existent electrolysis types. 

 

Process description 

In the PEM electrolysis cell water is split into hydrogen and oxygen using electric current. 

While the reaction requires large amounts of energy (ΔH0 = 571.8 kJ/mol), there is no other 

feedstock than water needed. A simplified visualization and the chemical reaction of the pro-

cess taking place in a PEM electrolysis cell is given in Figure 72. At the anode side water is 

oxidized and split into oxygen and hydrogen ions. The ions migrate through the proton ex-

change membrane to the cathode where they are reduced to hydrogen (Bazzanella et al., 

2017).  

 

 
Figure 72: Visualization process PEM electrolysis 

 

Energy and feedstock demand 

To run the PEM electrolysis only electricity and water are needed. As water is a rather abun-

dant resource in Germany, it will not be included in the analysis. The electricity demand of the 

process in 2015 is 169,20 GJ/t of hydrogen. The theoretical minimum energy demand is at 

143 GJ/t hydrogen. Because of this, it is expected that the electricity consumption will de-

crease slightly by 0,2 % per year until 2050 when only 158,30 GJ electricity will be needed for 

1 ton of  hydrogen (Bazzanella et al., 2017).  
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Emissions 

The emissions of the electrolysis depend only on the emission factor of the electricity used for 

the electrolysis. Since the emission factor of the power coming from grid is still relatively high 

in the beginning of the modelling period, the use of hydrogen via electrolysis would not save 

emissions if used in any of the suggested processes. One ton of hydrogen has backpack 

emissions of 24,82 tons of CO2. Until 2050 these emissions will go down to zero based on the 

assumed decarbonization of the power system. 

 

Cost 

The cost of electrolysis is largely determined by the electricity cost which is calculated based 

on the prices in Annex chapter A 9. The CAPEX of electrolysis is calculated as shown in Table 

65. As can be seen the investment cost are expected to decrease dramatically during the 

modelling period which reduces the final hydrogen price by about a third.  

 
Table 65: Specific Investment Cost of PEM Electrolysis Plants, (Bazzanella et al., 2017); (Lindermeir and Turek, 
2017) 

Parameter Value Unit 

CAPEX (2015-2050) 1000 - 420 [EUR/kW] 

Lifetime (2015-2050) 6,85 - 9,13 [Years] 

Full load hours 8760 [h] 

Efficiency (2015-2050) 65%- 78% [%] 

System size (typically) 5 MW 

Discount rate 10% [%] 

Specific Annualized CAPEX (2015-2050) 1.220,80 - 352,44 EUR/tH2 

Specific Annualized CAPEX (2015-2050) 10,18 - 2,94 EUR/GJH2 

 

Technology readiness level (TRL) 

The PEM electrolysis is a rather new electrolysis technology in comparison to the alkaline 

electrolysis which is in the market since over 100 years. It was developed in the last 20 years, 

and there are currently only few units in operation, and no full life cycle project has been car-

ried out so far. Therefore, the TRL is currently at 7 – 8 (Bazzanella et al., 2017). The market 

entry for full scale projects is assumed for 2020.  

 

A 7.2. Carbon Capture and Storage (CCS) 

CCS is an option to reduce emissions in processes where emissions are difficult to avoid. 

There are three different strategies to apply CCS: pre combustion, post combustion and using 

oxyfuels. Very different separation technologies must be applied among the three options be-

cause the typical gas mixture of the gases to separate varies strongly. Pre combustion meth-

ods must be able to split mixes of hydrogen and CO2, post combustion technologies need to 

separate CO2 and nitrogen, and finally oxyfuels methods directly obtain a highly concentrated 

CO2 gas. The only technology of the three which is already widely used is the post combustion 

method (Bazzanella et al., 2017). For this reason, and because it can be applied to the studied 

processes without changing them, only the post combustion CCS technology is included in 

the study.  

 

Process description 

Post combustion technologies rely on the absorption of the CO2 in the flue gases. The most 

promising process the chemical absorption. Several different absorbents can be used. The 

most widely used absorbent are amine absorbents. In the amine scrubbing, the flue gas flows 
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through an amine solution at high pressure. The CO2 is absorbed and afterwards released by 

heating the solution and reducing pressure. Through this process the absorbent is regener-

ated and can be recycled. The regeneration of the amine solution very energy intensive. To-

day, amine scrubbing is applied in the production of ammonia (see chapter A 5.2.2) (Markewitz 

et al., 2017).  

 

Energy and feedstock demand 

For the energy demand of the carbon capture technologies two cases will be differentiated: 

1. Carbon capture in flue gases with low CO2 concentration.   

2. Carbon capture of flue gases with high CO2 concentration  

For case 1, the energy demand is relatively high, since energy is needed for compressing and 

heating the solution. For this study, it is assumed that the heat will be generated by electricity. 

This is a worst-case assumption, as often waste heat from the core processes can be used in 

order to heat the solution. However, sometimes also external heaters are used which would 

cause additional emissions. For the sake of simplicity and to reduce the emissions of the pro-

cess, electricity is chosen as energy source. The electrical energy demand for capturing 1 ton 

of CO2 in flue gases with a low concentration of CO2 in the flue gases is 3,68 GJ. This value 

is expected to decrease significantly during the modelling period by 3,3% per year (Ecofys, 

2013).    

For case 2, the energy demand is very low since it is assumed that no amine scrubbing is 

needed because the CO2 concentration is already high enough. In that case, the flue gas only 

needs to be purified and dehydrated. These process steps are a lot less energy demanding. 

0,4 GJ of electrical energy are needed to capture 1 ton of CO2. As this consumption is already 

low, it is not expected to decrease significantly. A reduction of 0,6% per year based on a 

CEFIC roadmap is assumed (Ecofys, 2013).  

The energy demand to compress the CO2 for storing it in underground caverns is included in 

these energy demands.  

 

Emissions 

The carbon capture processes cause only indirect emissions based on the emission factor of 

the electricity they are consuming. In 2015 capturing 1 ton of CO2 in flue gases with low CO2 

concentration (case 1) causes 0,54 tCO2. For case 2 (high concentration of CO2) 0,06 tons 

CO2 are emitted. These values decrease with the decarbonization of the electricity generation 

system and the reduction of the energy demand of the processes. In 2050, the emissions are 

fully neutralized.  

 

Cost 

The OPEX of the technology is based on the electricity price (Annex chapter A 9). The O&M 

costs are assumed to be 5% of the CAPEX. The investment costs differ between the two cases 

mentioned above. For case 1 a specific investment cost is 285,53 EUR/tCO2 captured. This is 

based on a capacity of the capture facility of 1,46 Mt CO2 captured per year which would be 

necessary for a world scale 600 kt production capacity steam cracker. This cost is expected 

to decrease by 57% until 2050 (Ecofys, 2013).  

For case 2 the specific investment costs are much lower: 30 EUR per ton CO2 captured (con-

sidering a typical CCS plant with a capacity of roughly 1 MtCO2 captured per year which is 

sufficient to sequester the emissions of an ammonia plant with a capacity of 540 kt/a). This 

cost is not expected to decrease until 2050 (Ecofys, 2013).  

On top these costs, investments in transport and storage infrastructure need to be made. The 

transport costs are assumed to be 80 EUR/ton CO2 captured with an expected cost reduction 

until 2050 of about 38%. For the storage, 60 EUR/t of CO2 stored are expected with no cost 

reduction (Ecofys, 2013).  
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Technology readiness level (TRL) 

The technology readiness level for the CCS technologies depends on the application. While 

in ammonia production amine scrubbing is being used since decades (TRL 9), steam crackers 

with carbon sequestration are still being researched (TRL 4). However, there are large scale 

pilot projects for CCS at power plants running in the USA and Canada since several years 

(TRL 7-8) (Markewitz et al., 2017). This is a proof that CCS at steam crackers is possible, as 

they have similar flue gas conditions. 

Since in the ammonia production carbon capture is already applied, and only little additional 

infrastructure is needed to sequester the CO2, CCS will be introduced in this production first. 

For the model the market entry is set for 2025. As carbon capture in steam cracking processes 

is demanding much more effort and higher investments, in addition to a currently low TRL, the 

market entry is not expected to be before 2030. 
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A 8 Summary Emission factors 

Table 66: Emission factors of energy carriers 

Energy sources Type Unit 2015 2025 2035 2045 2050 References 

Naphtha 
Direct [tCO2/GJ] 

0,0733 
(Umweltbun-
desamt, 2018b) 

Bio-Naphtha 
Direct [tCO2/GJ] 

0,0733 
same as fossil 
naphtha 

Natural_Gas 
Direct [tCO2/GJ] 

0,0559 
(Umweltbun-
desamt, 2018b) 

Methanol 
Direct [tCO2/GJ] 

0,0690 
(DNV GL Maritime, 
2016) 

Biomethane 
Direct [tCO2/GJ] 

0,1096 
(PRé Consultants, 
2019) 

Bioethanol 
Direct [tCO2/GJ] 

0,0716 
(Umweltbun-
desamt, 2018b) 

Biomass 
Direct [tCO2/GJ] 

0,1021 
(Umweltbun-
desamt, 2018b) 

Coking_Coal 
Direct [tCO2/GJ] 

0,1081 
(Umweltbun-
desamt, 2018b) 

PCI_Coal 
Direct [tCO2/GJ] 

0,0862 
(Umweltbun-
desamt, 2018b) 

Petroleum_Coke 
Direct [tCO2/GJ] 

0,1038 
(Umweltbun-
desamt, 2018b) 

Naphtha 
Upstream [tCO2/GJ] 

0,0103 
(PRé Consultants, 
2019) 

Bio-Naphtha Upstream [tCO2/GJ] 0,0145 (Fan et al., 2011) 

Electricity_Pur-
chased Upstream [tCO2/GJ] 

0,1467 0,0843 0,0293 0,0052 0,0000 See Annex chapter 
A 1.4 

Electricity_Self-Pro-
duced Upstream [tCO2/GJ] 

0,0917 
See Annex chapter 
A 5.7 

Natural_Gas 
Upstream [tCO2/GJ] 

0,0131 
 (PRé Consultants, 
2019) 

Hydrogen 
Upstream [tCO2/GJ] 

0,2068 0,1166 0,0398 0,0069 0,0000 
See Annex chapter 
A 7.1. 

Methanol 
Upstream [tCO2/GJ] 

0,2707 0,1541 0,0562 0,0144 0,0056 
See Annex chapter 
A 5.4.3. 

Biomethane 
Upstream [tCO2/GJ] 

0,0122 
(PRé Consultants, 
2019) 

Bioethanol 
Upstream [tCO2/GJ] 

0,0494 
(PRé Consultants, 
2019) 

Biomass 
Upstream [tCO2/GJ] 

0,0093 
(PRé Consultants, 
2019) 

Coking_Coal 
Upstream [tCO2/GJ] 

0,0208 
(PRé Consultants, 
2019) 

PCI_Coal 
Upstream [tCO2/GJ] 

0,0143 
(PRé Consultants, 
2019) 

Bio-Naphtha 
Seques-
tration 

[tCO2/GJ] -0,0588 
(Fan et al., 2011), 
(Umweltbun-
desamt, 2018b) 

Biomethane 
Seques-
tration 

[tCO2/GJ] -0,1090 

(PRé Consultants, 
2019), (Umwelt-
bundesamt, 
2018b) 

Bioethanol 
Seques-
tration 

[tCO2/GJ] -0,0222 

(PRé Consultants, 
2019), (Umwelt-
bundesamt, 
2018b) 

Comment: The EF for “sequestration” are used when a material is built into a product and 

thus CO2 is sequestered. The EF results from upstream emissions of the material minus the 

CO2 content of the material. 
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Table 67: Emission factors of feedstocks 

Resources Type Unit 2015 2025 2035 2045 2050 References 

Iron_Ore 
Up-
stream 

[t_CO2/t_ore] 0,0084 
(PRé Consult-
ants, 2019) 

Iron_Pellets 
Up-
stream 

[t_CO2/t_pellets] 0,1090 
(PRé Consult-
ants, 2019) 

DRI_Pellets 
Up-
stream 

[t_CO2/t_DRIpel-
lets] 

0,1090 
Assumed to be 
equal to iron 
pellets. 

HBI 
Up-
stream 

[t_CO2/t_HBIpel-
lets] 

0,1090 
Assumed to be 
equal to iron 
pellets. 

Scrap 
Up-
stream 

[t_CO2/t_scrap] 0,0421 
(PRé Consult-
ants, 2019) 

Oxygen 
Up-
stream 

[t_CO2/t_O2] 0,2112 0,1213 0,0422 0,0074 0,0000 
See comments. 

Lime 
Up-
stream 

[t_CO2/t_lime] 0,0492 
(PRé Consult-
ants, 2019) 

Limestone 
Up-
stream 

[t_CO2/t_lime-
stone] 

0,0055 
(PRé Consult-
ants, 2019) 

GBFS 
Up-
stream 

[t_CO2/t_GBFS] 0,0288 
(PRé Consult-
ants, 2019) 

Other_Slag 
Up-
stream 

[t_CO2/t_Oth-
erSlag] 

0,0288 
Assumed to be 

equal to GBFS. 

CO2 
Up-
stream 

[t_CO2/t_CO2] 0,0000 
See comments. 

Blast_Fur-
nace_Slag 

Up-
stream 

[t_CO2/t_BFS] 0,0288 
Assumed to be 
equal to GBFS. 

 

Comments:  

• Assumed power demand for oxygen: 400 kWh/t_O2 = 1,44 GJ/tO2 (Alsultanny and Al-

Shammari, 2014). Emission factor is proportional to electricity emission factor. 

• CO2 emission factor: Assumed to be neutral as emission savings and indirect emis-

sions of capture are allocated to other processes. 
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A 9 Summary Prices 

Table 68: Price developments of energy carriers 

Energy Source Sector Unit 2015 2025 2035 2045 2050 References 

Naphtha Chemistry [€/GJ] 9,77 11,31 13,50 14,40 14,40 
(VCI, 2018b), (Interna-
tional Energy Agency, 
2018) 

Bio-Naphtha Chemistry [€/GJ] 15,62 15,62 15,62 15,62 15,62 (expert opinion) 

Electricity_Purchased Chemistry [€/GJ] 15,10 18,04 16,09 13,68 13,17 
(Eurostat, 2019a), (ewi 
Energy Research and 
Scenarios gGmbH, 2018) 

Electricity_Self-Pro-
duced 

Chemistry [€/GJ] 26,34 27,53 28,73 29,33 29,33 See Annex chapter A 5.7. 

Natural_Gas Chemistry [€/GJ] 6,31 7,02 7,74 8,10 8,10 
(Eurostat, 2019b); (Inter-
national Energy Agency, 
2018) 

Hydrogen Chemistry [€/GJ] 31,98 32,88 27,53 22,09 20,46 See Annex chapter A 7.1. 

Methanol Chemistry [€/GJ] 53,72 53,94 45,79 38,06 35,75 
See Annex chapter A 
5.4.3. 

Steam Chemistry [€/GJ] 0,00 0,00 0,00 0,00 0,00  Definition, see comments 

Biogas_Gasification Chemistry [€/GJ] 24,44 21,19 17,94 14,68 13,06 (Terlouw et al., 2019) 

Bioethanol Chemistry [€/GJ] 27,03 45,46 54,24 57,86 57,86 (Bazzanella et al., 2017) 

Grey Hydrogen Chemistry [€/GJ] 14,17 (Terlouw et al., 2019) 

Electricity_Purchased 
Cross-sec-
toral 

[€/GJ] 15,10 18,04 16,09 13,68 13,17 Same as in Chemistry 

Electricity_Self-Pro-
duced 

Cross-sec-
toral 

[€/GJ] 26,34 27,53 28,73 29,33 29,33  Same as in Chemistry 

Electricity_Purchased Steel [€/GJ] 15,10 18,04 16,09 13,68 13,17 
(Eurostat, 2019a), (ewi 
Energy Research and 
Scenarios gGmbH, 2018) 

Electricity_Self-Pro-
duced 

Steel [€/GJ] 15,83 15,83 15,83 15,83 15,83 See Annex chapter A 6.4. 

Natural_Gas Steel [€/GJ] 6,31 7,02 7,74 8,10 8,10 
(Eurostat, 2019b); (Inter-
national Energy Agency, 
2018) 

Hydrogen Steel [€/GJ] 31,98 32,88 27,53 22,09 20,46 Same as in Chemistry 

Methanol Steel [€/GJ] 20,10 26,39 29,10 30,46 30,46 
(MMSA Pte Ltd., 2014), 
(International Energy 
Agency, 2018) 

Steam Steel [€/GJ] 0,00  Definition, see comments 

Biomass Steel [€/GJ] 6,16  Expert opinion 

Coking_Coal Steel [€/GJ]       

Ethanol Steel [€/GJ] 20,6 34,84 41,58 44,35 44,35 
(Clare Pennington, 
2018),(International En-
ergy Agency, 2018) 

PCI_Coal Steel [€/GJ]       

 

 

Comments: 

• Developments of prices are based on trends extracted from the IEA World Energy 
Outlook 

• Electricity Purchased, chemical and steel industry:  
o Band IF: 70 GWh - 150 GWh 

• Natural Gas, chemical and steel industry:  

o Band I5: 1 000 000 GJ < Consumption < 4 000 000 GJ  

• Hydrogen chemical and steel Industry:  

o Based on total PEM electrolysis costs 



 

129 
 

• Methanol; chemical industry:  

o based on synthetic methanol (electrolysis + CCU) 

• Steam, Chemical Industry:  

o Steam is not imported in any process. There are some processes that create a 

lack of steam export on a global balance. This lack is quantified as a positive 

steam import. The price of this steam is set to 0 because it is not bought for the 

process but only creates a need elsewhere. The destination of the steam that 

is exported cannot be clearly defined. For this reason, the price cannot be de-

termined and will be assumed to be 0.  

• Steam, steel industry:  

o Steam used in the steel processes is not purchased externally but created in-

ternally in the integrated steel plant. There is no export of steam. The energy 

demand for the steam used in the processes is covered by the demand of the 

other fuels. Therefore, the price is assumed to be 0. 

• Produced gases, steel industry:  

o Energy prices for "produced gases" are set to 0 because they cannot be sold 

and only used for self-production of electricity  

• Methanol, steel industry:  

o Based on market data from 2015, average value assumed with 400 EUR/t 

• Ethanol, steel industry:  

o Based on market data from 2015, average value assumed with 550 EUR/t 

 
Table 69: Price developments of feedstocks 

 
 

Comments: 

• The CO2 cost (Chemistry) is based on the total cost of the capture and compression 

of CO2 in flue gases with low CO2 concentration. In addition, the transport cost is in-

cluded. The cost is based on the information provided in Annex chapter A 7.2.  

  

Resource Sector Unit 2015 2020 2025 2030 2035 2040 2045 2050

Iron_Ore Steel €/t

Iron_Pellets Steel €/t

DRI_Pellets Steel €/t

HBI Steel €/t

Scrap Steel €/t

Oxygen Steel €/t

Ammonia Steel €/t

Lime Steel €/t

Limestone Steel €/t

GBFS Steel €/t

Other_Slag Steel €/t

Other_Input_Factors Steel €/t

Other_Output_Factors Steel €/t

Other_gaseous_input Steel €/t

CO2 Chemistry €/t 97,86 92,96 79,28 67,67 54,99 44,72 39,40 34,90

CONFIDENTIAL
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A 10  Summary Energy and Feedstock Demand & Efficiency Gains 

Table 70: Energy demand and efficiency gains of technologies in the chemical sector and in cross sectoral areas 

 
Comment: For details and references, please refer to the corresponding chapters with de-

tailed information on the single technologies (Annex chapters A 5, A 6 and A 7). 

Sector Process Technology Energy source End use

Annual 

efficiency 

increase

Energy demand 2015

[t_Energy Carrier/ 

t_Product]

Energy demand 

2015

[GJ/t_Product]

Chemistry HVC_Production Steam Cracker Naphtha Feedstock 0,0% 0,996 42,50

Chemistry HVC_Production Steam Cracker Naphtha Fuel 1,0% 0,363 15,50

Chemistry HVC_Production Steam Cracker Steam Export 0,0% -1,50

Chemistry HVC_Production MTO Electricity_Purchased Fuel 1,0% 3,40

Chemistry HVC_Production MTO Electricity_Self-Produced Fuel 1,0% 1,60

Chemistry HVC_Production MTO Methanol Feedstock 0,0% 2,830 56,32

Chemistry HVC_Production MTO Steam Fuel 0,0% 1,50

Chemistry HVC_Production Electro Cracker Electricity_Purchased Fuel 1,0% 12,40

Chemistry HVC_Production Electro Cracker Electricity_Self-Produced Fuel 0,0% 0,00

Chemistry HVC_Production Electro Cracker Naphtha Feedstock 0,0% 0,996 42,50

Chemistry HVC_Production CCS Electricity_Purchased Carbon_Sequestration 0,0% 3,61

Chemistry HVC_Production CCS Electricity_Self-Produced Carbon_Sequestration 0,0% 1,69

Chemistry HVC_Production CCS Naphtha Feedstock 0,0% 0,996 42,50

Chemistry HVC_Production CCS Naphtha Fuel 1,0% 0,363 15,50

Chemistry HVC_Production CCS Steam Export 0,0% -1,50

Chemistry HVC_Production Bionaphtha Naphtha Fuel 1,0% 0,327 13,95

Chemistry HVC_Production Bionaphtha Bio-Naphtha Fuel 1,0% 0,081 1,55

Chemistry HVC_Production Bionaphtha Naphtha Feedstock 0,0% 0,896 38,25

Chemistry HVC_Production Bionaphtha Bio-Naphtha Feedstock 0,0% 0,221 4,25

Chemistry HVC_Production Bionaphtha Steam Export 0,0% -1,50

Chemistry HVC_Production Bioethylene Electricity_Purchased Fuel 1,0% 0,85

Chemistry HVC_Production Bioethylene Electricity_Self-Produced Fuel 1,0% 0,40

Chemistry HVC_Production Bioethylene Bioethanol Feedstock 0,0% 1,743 46,63

Chemistry HVC_Production Bioethylene Natural_Gas Fuel 1,0% 0,048 2,29

Chemistry Ammonia_Production Steam Reforming Electricity_Purchased Fuel 1,0% 0,50

Chemistry Ammonia_Production Steam Reforming Electricity_Self-Produced Fuel 1,0% 0,24

Chemistry Ammonia_Production Steam Reforming Natural_Gas Fuel 1,0% 0,371 17,60

Chemistry Ammonia_Production Steam Reforming Natural_Gas Feedstock 0,0% 0,442 21,00

Chemistry Ammonia_Production Steam Reforming Steam Export 1,0% -4,30

Chemistry Ammonia_Production Electrolysis Electricity_Purchased Fuel 1,0% 4,21

Chemistry Ammonia_Production Electrolysis Electricity_Self-Produced Fuel 1,0% 1,98

Chemistry Ammonia_Production Electrolysis Hydrogen Feedstock 0,0% 0,178 21,30

Chemistry Ammonia_Production Electrolysis Steam Fuel 1,0% 4,30

Chemistry Ammonia_Production CCS Electricity_Purchased Fuel 1,0% 0,50

Chemistry Ammonia_Production CCS Electricity_Self-Produced Fuel 1,0% 0,24

Chemistry Ammonia_Production CCS Electricity_Purchased Carbon_Sequestration 0,0% 0,53

Chemistry Ammonia_Production CCS Electricity_Self-Produced Carbon_Sequestration 0,0% 0,25

Chemistry Ammonia_Production CCS Natural_Gas Fuel 1,0% 0,371 17,60

Chemistry Ammonia_Production CCS Natural_Gas Feedstock 0,0% 0,442 21,00

Chemistry Ammonia_Production CCS Steam Export 1,0% -4,30

Chemistry Ammonia_Production Biomethane Electricity_Purchased Fuel 1,0% 0,50

Chemistry Ammonia_Production Biomethane Electricity_Self-Produced Fuel 1,0% 0,24

Chemistry Ammonia_Production Biomethane Biogas_Gasification Fuel 1,0% 0,384 17,60

Chemistry Ammonia_Production Biomethane Biogas_Gasification Feedstock 0,0% 0,459 21,00

Chemistry Ammonia_Production Biomethane Steam Export 1,0% -4,30

Chemistry Chlorine_Production

Membrane Chlorine Alkali 

Electrolysis Electricity_Purchased Fuel 0,2% 7,47

Chemistry Chlorine_Production

Membrane Chlorine Alkali 

Electrolysis Electricity_Self-Produced Fuel 0,2% 3,51

Chemistry Chlorine_Production

Membrane Chlorine Alkali 

Electrolysis Hydrogen Export 0,0% -0,028 -3,41

Chemistry Chlorine_Production ODC Electricity_Purchased Fuel 0,2% 5,51

Chemistry Chlorine_Production ODC Electricity_Self-Produced Fuel 0,2% 2,59

Chemistry Methanol_Production Electrolysis&CCU Electricity_Purchased Fuel 1,0% 3,68

Chemistry Methanol_Production Electrolysis&CCU Electricity_Self-Produced Fuel 1,0% 1,72

Chemistry Methanol_Production Electrolysis&CCU Hydrogen Feedstock 0,0% 0,189 22,67

Chemistry Methanol_Production Electrolysis&CCU Steam Fuel 1,0% 2,00

Cross-sectoral Hydrogen_Production PEM Electrolysis Electricity_Purchased Fuel 0,2% 169,20

Cross-sectoral CO2_Capture CCS High Concentration Electricity_Purchased Fuel 0,6% 0,40

Cross-sectoral CO2_Capture CCS Low Concetration Electricity_Purchased Fuel 3,3% 3,68
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Table 71: Feedstock demand (non-energy) of technologies and efficiency gains in the chemical sector and in 
cross sectoral areas 

 

Comment:  

• The processes in the chemical industry have many more non-energy inputs. However, 

the demand is small in terms of price and mass in comparison to the demand of energy 

carriers used as feedstock. Therefore, these consumptions are neglected. 

• For details and references, please refer to the corresponding chapters with detailed 

information on the single technologies (Annex chapters A 5) 

 
Table 72: Efficiency gains assumed for the technologies in the steel industry 

Sector Technology Energy or non- 
energy source 

End Use Annual 
efficiency gain 

Steel All Technologies All Energy carriers Fuel Use 1 % 

Steel 
Carbon capture 
and compression 

Electricity Carbon capture 0,6 % 

Steel All Technologies Non-energy inputs Feedstock 0 % 

 

Comment:  

• Since the specific energy and feedstock demands of the technologies in the steel in-

dustry are confidential, Table 72 only summarizes the efficiency gains assumed for the 

different processes.  

• For details and references, please refer to the corresponding chapters with detailed 

information on the single technologies (Annex chapters A 6) 

  

Sector Process Technology Resource (Non Energy) End Use Annual efficiency increase
Resource demand 2015

[t_Resource/ t_Product]

Chemistry Methanol_Production Electrolysis & CCU CO2 Feedstock 0% 1,37
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A 11  Summary Cost Reduction CAPEX  

Table 73: Relative CAPEX reductions by period 

 
Comment: For details and references see technology descriptions in the corresponding An-

nex chapters A 5, A 6, and A 7. 

  

Relative cost reduction [-]

Sector Process Technology  2015-2030 2030-2040 2040-2050

Chemistry HVC_Production Steam Cracker 0,00% 0,00% 0,00%

Chemistry HVC_Production Electro Cracker 1,00% 2,00% 1,00%

Chemistry HVC_Production Methanol-to-Olefins (MTO) 0,00% 0,00% 0,00%

Chemistry HVC_Production CCS 0,00% 0,00% 0,00%

Chemistry HVC_Production Bionaphtha 0,00% 0,00% 0,00%

Chemistry HVC_Production Bioethylene 0,00% 0,00% 0,00%

Chemistry Ammonia_Production Steam Reforming 0,00% 0,00% 0,00%

Chemistry Ammonia_Production Electrolysis 0,00% 0,00% 0,00%

Chemistry Ammonia_Production CCS 0,00% 0,00% 0,00%

Chemistry Ammonia_Production Biomethane 0,00% 0,00% 0,00%

Chemistry Chlorine_Production Membrane Chlorine Alkali Electrolysis 0,00% 0,00% 0,00%

Chemistry Chlorine_Production ODC Membrane Chlorine Alkali Electrolysis 1,00% 1,00% 0,00%

Chemistry Methanol_Production Electrolysis & CCU 0,00% 0,00% 0,00%

Cross-sectoral Hydrogen_Production PEM Electrolysis

Cross-sectoral CO2_Capture CCS High Concentration 0,00% 0,00% 0,00%

Cross-sectoral CO2_Capture CCS Low Concentration 3,00% 2,50% 1,30%

Cross-sectoral CO2_Capture Transport 2,00% 1,25% 0,40%

Cross-sectoral CO2_Capture Storage 0,00% 0,00% 0,00%

Steel Steel_Production Blast Furnace and Basic Oxygen Furnace (BF/BOF) 0,00% 0,00% 0,00%

Steel Steel_Production BF/BOF with top gas recovery 0,50% 0,00% 0,00%

Steel Steel_Production BF/BOF with top gas recovery and CCS 0,50% 0,25% 0,00%

Steel Steel_Production HIsarna with CCS 0,50% 0,25% 0,00%

Steel Steel_Production BF/BOF with Carbon2Chem 0,50% 0,25% 0,00%

Steel Steel_Production BF/BOF with Steelanol 0,50% 0,25% 0,00%

Steel Steel_Production Direct reduction with NG and EAF (Midrex) 0,00% 0,00% 0,00%

Steel Steel_Production Direct reduction with H2 and EAF 0,00% 0,00% 0,00%

Steel Steel_Production Secondary route with EAF 0,00% 0,00% 0,00%

CAPEX calculation in Annex chapter A 7.1
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