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Abstract

Deep decarbonisation of the European industry by 2050 re-
quires action in all stages of manufacturing. Many publications
focus on a few selected highly energy intensive basic materi-
als such as high value chemicals, steel or primary aluminum.
However, around half of the energy consumption for industrial
process heating in the EU27 and the majority of installations
and companies is outside these main processes.

Here, we conduct a broad analysis of the opportunities to
switch to CO,-neutral process heating for 34 applications
across all energy-intensive subsectors but focusing processes so
far less-investigated. In total these processes account for a third
of industrial process heat use in Germany. We assess the techni-
cal maturity, energy efficiency and economics of CO,-neutral
process heat generation and compare it to the fossil-based
status-quo. We create a set of techno-economic data of conven-
tional and new technologies and model their competition and
resulting diffusion under transformative economic conditions.
The data set describes Germany but the concept and insights
can be relevant for the entire EU27.

We find that some of these often overlooked applications
have access to the necessary technologies which, with medi-
um- to high-ambition economic measures, can be economi-
cally competitive. In particular, about 55 % (78 TWh) of the
investigated energy demand, primarily consisting of steam
generation and glass production, can decarbonize by 2040 or
are close to it — given the ambitious measures applied in this
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analysis. Another 2 % (2 TWh) in highly specialized applica-
tions (hardening, carburizing, heat treatment of copper) lack
economically attractive options in 2040. About 43 % (60 TWh)
have economically attractive options available, but are unable
to implement them fast enough to reach decarbonisation by
2040 or 2050. This group, challenged by long lifetimes of instal-
lations, mainly consists of steel processing and clinker produc-
tion. For them, early price signals can support the transition.
We conclude though, that some applications might require
regulatory law, as even strong price signals do not sufficiently
incentivize decarbonisation.

Introduction
With the goal of the European Commission to reach carbon
neutrality by 2050, the industry sector faces challenges that en-
compass entire value chains, a huge variety of greenhouse gas
(GHG) emission sources and technical, economic and societal
aspects. One central challenge is the GHG-neutral generation
of process heat. It combines the availability of specific and in
some cases merely emerging technologies, their economic
competitiveness compared to fossil fuels and the distinct task
of deploying them in time.

The potential for GHG-emission reduction from process
heat generation is usually investigated from either of two per-
spectives: a process-based approach or a sectoral approach.

¢ In the former, processes are described in high technologi-
cal detail but the scope is limited to individual processes
or small groups. Examples include (Cuviella-Sudrez et
al. 2021) who quantify the energy efficiency potential in
a sanitary-ware (ceramics) factory, using a thermo-phys-
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ical simulation. Similarly, (Dolianitis et al. 2016) simulate
bath-preheating systems in container glass production,
(Frassine et al. 2016) investigate energy efficiency options
for glass melting furnaces with a database of European
production sites and (Schmitz et al. 2021) show the techni-
cal options to replace natural-gas fired reheating furnaces
in steel processing. (Fleiter et al. 2012) assess energy ef-
ficiency potentials in the German pulp and paper industry.
(An et al. 2018) focus on economic indicators by applying
an optimization model to several iron and steel production
routes and (Arens et al. 2017) describe energy efficiency
pathways in the iron and steel production of Germany.
Recently, these technology- or process- specific analyses
also focus the use of hydrogen, e.g. (Neuwirth et al. 2022).
The main goals of such approaches are findings about the
technological potential and feasibility of specific saving
options. Depending on the degree of economic consid-
erations, some of the studies describe potential diffusion
pathways for the selected processes.

e Sectoral approaches on the other hand try to explain the
energy demand of an entire sector and necessarily reduce
complexity of the individual processes or sub sectors in-
cluded. They acknowledge the high heterogeneity of activi-
ties in question (Napp et al. 2014; Fais et al. 2016) and thus
typically focus on the processes with high energy intensity,
especially iron and steel, cement and basic chemicals (Aden
2018; Bataille et al. 2018). The higher level of abstraction
applied to the processes within the sector is thought to have
limited impact on the results. The results obtained from
these approaches can be linked more directly to possible
transformation pathways and policy recommendations
(Rissman et al. 2020).

Considering these existing analyses, we observe two gaps: First,
it seems widely agreed-upon that energy and material efficien-
cy are necessary tools for successful decarbonisation. They are
though not sufficient to reach it (among others (Aden 2018;
Allwood et al. 2010; Lechtenbohmer et al. 2016)) but require
additional measures, in particular a switch to low-carbon en-
ergy carriers. The fuel switch potential and what conditions
facilitate it, is however still in discussion.

Second, we identify a gap between highly detailed techno-
logical process-simulation and sector-wide techno-economic
analyses. The most conclusive evidence for this may be that the
latter focus on a limited number of processes with the highest
energy demand but must neglect or abstract others that may
make up more than 40 % of industrial energy demand (All-
wood et al. 2010). These processes often include further pro-
cessing of basic materials, e.g. by subsuming it with its produc-
tion (like steel reheating furnaces in iron/steel production).
Within these sums, their specific challenges and properties can
be concealed by the energy-intensive processes.

In this contribution, we try to address both observed gaps.
First, we assume a meso-perspective between process-specific
and sectoral analyses with the definition of “applications™.
They group processes with similar properties and thus make

1. The definition of these applications follows a qualitative literature research on
economic and technological relevance. A detailed insight in the rationale leading
to the selection and aggregation to applications will be given in the project report.
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them, by reducing their heterogeneity, accessible to model-
based analysis. Second, we extend the scope of the analysis be-
yond the production of selected basic materials (Table 1).

Overall, we analyse the 34 applications given in Table 1.
They range from steam use in chemicals, paper and food
industries over foundries for ferrous and non-ferrous met-
als and reheating/heat treatment of steel products to glass
melting, lime, cement, bricks and ceramics production. We
combine the newly generated collection of technological data
on these applications with an economic model that calcu-
lates economic attractiveness and resulting market diffusion
of CO,-neutral technologies by 2050. Based on their perfor-
mance in a given scenario (consisting of price and policy as-
sumptions), we identify challenges and suggest additional
policies to contribute to climate targets. With this, we address
the question, what conditions propel transformation of indus-
trial process heat generation.

Methods and Data

This analysis is conducted as a two-part effort. First, we define
“applications”, which consist of one or more individual produc-
tion steps for a given product and represent the most relevant
process-heat use. We then gather techno-economic data for
currently used and potential future climate friendly process-
heat technologies. Second, we integrate the techno-economic
data into a modeling frame to calculate cost competitiveness
of new investments and compare the resulting market shares
under varying external conditions. For this purpose, a model is
used, which bases the attractiveness of the competing technolo-
gies on their heat generation costs.

The analysis follows a scenario-approach and is as such
merely a small segment of the possible solution space. This ap-
plies to the techno-economic data of the technologies but to
a larger degree the economic framework conditions. Develop-
ments may differ strongly depending on energy carrier price
paths, policy decisions or market dynamics. The purpose of the
analysis is thus not to make a prediction but to derive a plau-
sible “if-then”-statement. The model approach allows quick
and easy variations of several important assumptions and data
sets, of which just one can be presented here. For this purpose,
a scenario has been constructed based on a relevant previous
publication and policy discussions in Germany (Fraunhofer ISI
2021a). Among others, the main impacts on the attractiveness
of the available technologies and thus on the results stem from
four factors: energy carrier prices, GHG-pricing, the decision
rationale of the market participants and applied policy meas-
ures. The assumptions for those are presented in the following
section.

MODEL STRUCTURE

The model builds upon the techno-economic data of the ap-
plications and technologies and adds to that information
concerning the market environment and policy assumptions
(Figure 1). With these, it calculates the attractiveness of avail-
able technologies within each of the investigated applications.
This attractiveness is mainly influenced by the heat generation
costs, consisting of the annuity of the investment, the cost of
energy carriers, non-energy related operational expenditures
(OPEX) and costs for GHG if applicable. The replacement of
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Table 1. Estimate of coverage of sectoral energy demand of investigated applications.

O
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Food industry 1 Milk powder production* 1609 10 36 16 36 4% ) A
Paper industry 2 Paperdrying 31371 93 26 227 32 71% 5 A
Chemical industry 3  Steam supply chemical park 40389 11 3.5 391 85 46% ) A
4 Continuous heating flat/long steel 33516 26 14 131 4 D
"I'f;?f ;r:(?tsr?:;f.)(pa” of | 5 Continuous heat treatment flat steel 6907 14 10 19 127 15% 3 D
6 Discontinuous heat treatment flat steel 16116 1,700 0.8 3.5 3 D
7 Continuous melting cast iron (low capacity) 1000 2 33 09 ) B
(Non-ferrous metals) 8 S;;;gl{;))us melting cast iron (medium 500 5 30 04 5 B
and foundries ) . . ) .
9 Continuous melting cast iron (high capacity) 600 29 31 05 5 B
10 Continuous melting aluminum 700 36 2.7 05 3 D
1 Disqontinuoqs melting/holding semi-finished 3319 74 29 27 3 B
casting aluminum
12 Co.ntmuo.us homogenizing/heating aluminum 1126 70 07 02 3 D
strip/profiles
13 D|scqnt|nuou§ hompgemzmg/heatlng 1862 103 06 03 3 D
aluminum strip/profiles 14 43%
14 Continuous heat treatment aluminum strip 171 9 09 0.0
Non-ferrous metals 15 Cpntmuous melting copper continuous cast 592 1 10 02 3
> wire rod
(and foundries) : - —
16 Continuous heating geml-fmlshed copper 333 42 07 04 3 c
products for hot forming (low capacity)
Continuous heating semi-finished copper 1
v product for hot forming (high capacity) Al L E ©
18 I?|§cont|nuous heat treatmept copper semi- 202 29 03 00 3 D
finished product (low capacity)
Discontinuous heat treatment copper semi- 7
1 finished product (high) capacity) e U € ©
20 Continuous heating of forged components 186 4 1.7 041 4 B
21 Discontinuous heating of forged components 306 26 25 0.2 3 D
) 22 Continuous heating of steel sheet blanks 240 8 14 041 3 B
Metal processing ) — 12 21%
23 Continuous heat treatment (service) 531 82 15 0.2 4 C
24  Continuous heat treatment (in-house)® 2125 81 2.1 1.2 3 C
25 Discontinuous heat treatment® 1148 707 20 0.6 3 C
26 Continuous melting container glass 3368 47 45 42 5 A
27 Continuous melting flat glass 2444 12 7.7 52 5 A
Glass and ceramics 28 Continuous burning bricks 9306 370 19 49 18 86% 3 D
29 Continuous burning refractory bricks 600 24 55 0.9 3 D
30 Discontinuous burning refractory bricks 150 19 58 0.2 3 D
31 Continuous burning lime (low reactivity) 1476 43 46 1.9 4 D
. Continuous burning lime (medium/high 23
Processing of non- 32 reactivity) 2284 39 25 47 72% 3 b
metallic minerals . o .
33 Continuous burning lime (high throughput) 858 4 57 14 5 D
34 Continuous burning cement clinker 25310 39 4.0 281 5 D
SUM 3,751 140 371 38% 126

1. Estimated from installed capacity and average capacity utilization - both researched in this project.
2: According to national energy balance Germany (AGEB e. V. 2020).
3. Basic technology types are: fossil reference (often natural gas-fired, in specific cases fuel mixes), direct electrification, CO,-neutral fuels
(hydrogen or synthetic hydrocarbons) and biomass. Versions of (partial) direct electrification and hydrogen are present as option for all ap-

plications.

4. Milk powder has been selected as exemplary case for steam demand in food processing. For food, paper and chemical industry, the unit of

activity refers to steam production.

5. Carburisation and austenitisation.
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Figure 1. Model workflow and parameters.

installations is a function of attractiveness, replacement rate
and installed capacity®.

RESULT SOLUTION SPACE

The main result of the model is the diffusion of CO,-neutral
technologies by application, measured as share of produc-
tion output (e.g. “the process heat for 35 % of paper drying
is supplied with new technologies such as heat pumps or elec-
trode boilers”). This diffusion is limited by two factors (Fig-
ure 2). First, the economic attractiveness of new installations
(which can reach at most 100 %), directly resulting from the
heat generation costs in competition with other technologies.
Equal heat generation costs create equal attractiveness. High
attractiveness means that old installations are more likely
to be replaced with this technology — whenever they are re-
placed.

Second, the actual implementation of this attractiveness
by the replacement of installations (which can at most be as
high as the attractiveness), the diffusion limit. Whenever the
decision to replace an existing installation is made, there is a
chance - governed by the technology’s attractiveness - that
this specific technology is installed. Assuming a static case, in
which the attractiveness never changes, we expect the share
of this technology on the total stock of installations narrow-
ing down on this attractiveness (either growing or shrinking
towards it). In decarbonisation scenarios, we additionally ex-
pect that alternative (low CO, or CO,-neutral) technologies
grow and fossil decline, if the scenario conditions are con-

A A

> o |:> -

stantly improving for the former?.Simply put, the actual diffu-
sion of a given technology always “trails behind” its attractive-
ness. Thus, if attractiveness keeps growing, the diffusion may
never exceed it. This is the case in the scenario presented here,
thus used to confine the solution space and represented by
the diagonal line in (Figure 2). It is, however, not a property
of the model but merely the scenario. In return, we would see
all fossil technologies (not shown in this analysis), below the
diagonal line in (Figure 2).

TECHNO-ECONOMIC DATA AND ASSUMPTIONS

The techno-economic data are the basis of the calculation.
Main data points include the specific energy demand, the used
energy carriers, efficiency potentials, representative capacity
and process-related emissions on the technical side as well as
investment, non-energy operational costs and depreciation
period on the economic side (Table 2). Examples for specific
applications are published in (IOB RWTH 2021). The collected
data - both for the applications/technologies and for the ex-
ternal conditions, e.g. energy carrier prices —refer to Germany;,
but the insights can be relevant for a number of other countries.
The following data points constitute an ambitious transforma-
tion scenario in which strong efforts lead to a decarbonized
electricity generation and the availability of CO,-neutral tech-
nologies. In addition, policy measures are implemented aimed
at increasing the viability and attractiveness of decarbonized
process heat generation, including policies that are not cur-
rently planned or for which detailed knowledge of the imple-

2. Additional descriptions and results for selected individual applications can be
found in Rehfeldt et al. 2021a and Rehfeldt et al. 2021b. In these earlier publica-
tions (in German), individual applications are investigated in detail and are subject
to staged and progressive changes of policy measures. In contrast, here, we show
all applications incorporated in the model with a fixed policy and economic envi-
ronment.
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3. l.e. the scenario creates a convex function of the attractiveness of alternative
technologies. Any non-linearities, such as price shocks influencing the attractive-
ness on a small timescale, may create situations where the attractiveness of alter-
native installations is lower than their share in stock. Note that the diffusion limit
is not an applications’ or a technologies’ fixed property or exogenous assumption,
but a variable value, depending on its attractiveness.



9. PRODUCTS, APPLIANCES, ICT 9-137-22 REHFELDT ET AL

120%

100% attractiveness

e e o
Distance to *
100% attractiveness . /

* /

A\
Distance to . 6\\«\
diffusion limit /0\’(‘\’"

100%

80%

60%

e

40%

Application number
referring to Table 1. _~ Center: applications' position

Size: applications' total yearly capacity

Economic attractiveness of alternative technologies

0% 20% 40% 60% 80% 100% 120%

Share of alternative installations in stock

Figure 2. Diffusion results, explanatory figure. The size of the circles indicate (qualitatively) the production capacity (largest circle about
50 Mt) of the application. The abscissa shows the share of existing alternative technology installations in this application in 2040 and the

ordinate the economic attractiveness of new alternative installations for this application.

Table 2. Example of techno-economic data set.

Application Property Reference Alternative 1 Alternative 2 Unit'

Name Natural gas-fired>  Hydrogen-fired  Electric -
Product Flat steel products -
Investment greenfield 190 190 152 €/tcap
Investment modernization 95 95 76 €/tcap
Minimum investment greenfield 190 190 152 €/tcap
Minimum investment modernization 95 95 76 €/tcap

3 TRL 9 <4 <4 -

E Energy carrier 1 Natural gas Hydrogen Electricity -

%‘ Energy carrier 2 =

2 Energy carrier 3 -

;cg Specific energy demand 1 0.28 0.28 0.24 MWh/tpr.

‘g’ Specific energy demand 2 MWh/tpr.

IE Specific energy demand 3 MWh/tpr.

§ Minimum specific energy demand 0.25 0.25 0.21  MWh/tpr.

% Process-related emissions tCO2-eq./tpr.

ﬁ Operation and maintenance costs 11.40 11.40 11.40 €/tcap.

§ Depreciation period 10.00 10.00 10.00 a

= Modernization cycle 35.00 35.00 35.00 a

é Representative capacity 530,000 530,000 530,000 tpa
Average utilization 0.95 0.95 0.95 -
Share of existing stock 100% 0% 0% %
Available from?® 2020 2030 2030 -
Available until 2050 2050 2050 -
Total capacity application 7270.52 kt
Internal electricity generation MWhel/tpr.

1: “tcap.” refers the respective value to installed capacity, “tpr.” to metric ton of product. “tpa” is production per year in metric tons.

2: In the scenario presented here, no biogas or other CO,-neutral gases are included. However, the methodology includes the possibility to

adjust the emission factor (and/or prices) of the gas mix used for “natural gas” fired technologies to any path.

3: The availability depends on the technical readiness level TRL. For a TRL<3, the technology is assumed to be available from 2040. For a

TRL<9 and =3, the technology is assumed to be available from 2030.
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mentation is lacking - for example a reduction of components
in the electricity price or an energy tax increase of natural gas.

The techno-economic data have been gathered for 34 dif-
ferent applications, each having (on average) three alternative
technologies (Table 1) available to choose from. The data sets
are based on literature research according to the state of the art
supported by interviews with manufacturers, end-users and as-
sociations of the relevant German industry. The data sets show
mostly average values. It must be noted that the data sets thus
cannot represent individual installations.

Energy carrier prices

The relative prices of energy carriers have a strong impact
on technology competition and are thus a highly relevant as-
sumption. In the modelled scenario, most energy carrier prices
are assumed to be constant (hard coal, waste, other fossils) or
change just slightly (electricity, natural gas*) between 2020 and
2050. Merely fuel oil and biomass increase in price (Table 3)°.

GHG-pricing

The pricing of GHG-emissions is one of the central instruments
of the European Union and national states to facilitate a trans-
formation of the industry sector. In the last year, a strong in-
crease of the certificate price in the EU-ETS has been observed,
presumably as reaction to tightened climate goals and thus
decreased emission caps®. In the model, several GHG-pricing
paths can be applied, for the scenario and results presented
here, the “high” path is used. Starting from €55/tCO,-eq., it
reaches €100/tCO,-eq. by 2030 and increases by 100 every dec-
ade after that.

Decision rationale

In addition to the hard facts (or assumptions) on prices, a
companies” decision to invest in new assets and technologies
is influenced by perception, strategy and other factors that are
sometimes intangible but in general less accessible to quan-
tification. In this analysis, we implement the following three
aspects of in the simulation algorithm that go beyond a pure
cost-based assessment. First, we consider a price foresight of
five years. This means that for investment decisions in e.g. 2032,
the carbon and energy carrier prices of 2037 are used’. Second,
we incorporate a measure of less tangible influences such as
information access, called market homogeneity®. It influences
the relevance of price differences between two technology op-
tions, with a high homogeneity favouring the cheapest/best one
(with penny-switching 100 %-market shares as extreme solu-
tion), while a low homogeneity levels differences (with equal
market shares as extreme solution). In this scenario, the market

4. EUROSTAT 20214, 2021b.

5. Note these are mere assumptions and not prescriptive or prognostic in any way.
In fact, the developed model can be used to quickly and conveniently investigate
the effects of a broad variety of energy carrier price assumptions and thus address
the inherent uncertainty of them (and other assumptions).

6. The model does not include an EU-ETS simulation. It just uses the CO,-price as
component for the cost of process heat generation. Mechanics of the EU-ETS such
as free allocations are thus not represented.

7. The foresight period is optional and variable between 0 and 20 years. The me-
chanic uses a perfect foresight, i.e. no uncertainty on the price signal is included.

8. This is a concept to simulate the abstracted effect of information on decision
processes, when limited empirical data is available (e.g. Fraunhofer ISI 2021b;
Bataille et al. 2006).
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Table 3. Energy carrier prices assumptions.

Energy carrier Unit 2020 2050
Electricity €/MWh 88.54  92.52
Natural gas €/MWh 27.40 26.53
Hard coal €/MWh 15.44 15.44
Biomass €/MWh 24.95 29.56
Fuel oil €/MWh 4950 69.26

€/MWh 15.08 15.08
€/MWh 7.70 7.70
€/MWh 19.80 19.80

Waste (renewable fraction)
Waste (non-renewable fraction)
Other fossil

homogeneity is set to a comparably high value, which results
in a market share of 66 % for a technology that is 10 % cheaper
than its competitor (reaching 34 %)°. Third, we consider a re-
placement rate of existing installations. The basis for this value
is the technical lifetime of the installations. It differs by equip-
ment but ranges from 15 years (glass furnaces), with the ma-
jority around 25 years (e.g. heat treatment of steel products),
to 40 years (melting furnaces for copper and cast iron)'’. The
replacement rate, assuming that the transformation towards
sustainable production induces and requires higher dynamics,
reduces these cycles. In the selected scenario, equipment may
be reinvested already after it has reached 60 % of its technical
lifetime. The average age of the installation stock thus decreases
over time, e.g. from 15 years in 2020 to 9-11 years in 2040.

Policy measures

With rather constant (assumed) energy carrier prices, policy
measures to influence the attractiveness of technologies, espe-
cially regarding electrification, are of high importance. GHG-
pricing is one of them, but next to it, we consider three specific
elements. First and foremost, removing the policy-related com-
ponents of electricity prices, i.e. taxes and levies reduces the
perceived electricity price to about 45 % of the values presented
in Table 3. This price level is equivalent to the strongest relief
currently in place for selected consumers in Germany (BDEW
2021). Second, the energy tax exemption on industrial uses of
natural gas is removed, increasing the price of natural gas by
€5.5/MWh. Third, the effective transmission of CO,-pricing on
the electricity price is limited to 30 % of the actual price in-
crease. This effectively reduces the electricity price (compared
to the data in Table 3) by about €20/MWh, with a diminishing
return by 2040, as electricity generation is assumed to decar-
bonize by 2045,

9. A moderate value would — with the same cost difference — yield a market share
difference of 10 % (i.e. 55 % versus 45 %). These settings are assumptions as no
empirical data is known to the authors on this technological level. On a higher level,
concerning entire sectors, empirical values between 52 % and 55 % (note that
these have not been represented in this format there) have been found in Rehfeldt
et al. 2018. Values for transformative paths (e.g. the “high” setting) are assump-
tions.

10. The data sets shows average values for examples of a specific application. The
values of individual installations will vary.

11. Emission factors for electricity generation are: 0.43 tCO,-eq./MWh in 2020,
0.11 by 2030, 0.03 by 2040 and 0 by 2045.
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Results
The investigated 34 applications align inside the created so-
lution space (Figure 3), which represents the results for 2040
including all measures described above, i.e. in a scenario with
strong transformation effort. Measured by the two factors (at-
tractiveness and distance to the diffusion limit), some clusters
can be identified. We categorize the applications in four groups.
“Group A, with low distance to 100 % economic attractiveness
and low distance to their current diffusion limit, dubbed “Ad-
vantaged”. “Group B” with low distance to 100 % economic
attractiveness but medium distance to their diffusion limit,
dubbed “Boosted”. “Group C”, with medium to high distance to
100 % economic attractiveness but low distance to their diffu-
sion limit, dubbed “Cornered”. Finally, “Group D” with low to
medium distance to 100 % attractiveness but high distance to
their diffusion limit, dubbed “Delayed”. The allocation of appli-
cations to these groups is shown in Table 1 and Figure 3.
Within the boundaries of the scenario assumptions, the
three groups allow for distinct interpretation of challenges and
policy suggestions. “Advantaged” applications will largely be
decarbonized - under the conditions laid out for this scenario
- by 2040 and thus (over-) achieve both EU and the stricter
German targets. These applications are advantaged by having
access to readily available technologies with comparably low
investment, short to medium lifetimes and sometimes relevant
efficiency gains of electrification. No additional measures —
beyond the strong measures already included in the scenario
- seem necessary. Applications within this group are consum-
ers of process heat in the form of steam (in the food, chemical
and paper industry) and glass production (flat and container).
Similar, “Boosted” applications have favourable starting condi-
tions and - with the policy support implemented in the sce-
nario — reach high attractiveness of alternative technologies.
They are, however, either attractive later, leaving less time for
implementation, or include technologies with higher lifetime.
These applications are thus very much able to reach decarboni-
sation, but require slightly earlier or stronger signals. In this
group, casting of iron and other metal processing applications
are located. “Cornered” applications are a special case. For this
group, the solution space’s boundary of diffusion limit is of high
relevance, as it allows defining this group in the first place. With
singular regard to this dimension, these applications are not
much different to the “Advantaged” applications - indicating
a high potential to adopt technologies. Simply put, these appli-
cations can react to changes of attractiveness quickly. They do
lack, however, attractive options, some more than other. Within
this group, specialized heat treatment applications (hardening,
carburization) and heating of semi-finished copper products
are located. Given this observation, it can be expected that ad-
ditional price signals or any other measure increasing the at-
tractiveness of alternative technologies could quickly result in
increased market diffusion'2

12. For discontinuous heat treatment of copper (application 18) and continuous
carburizing (application 24), high investment seems to be an important barrier. A
technology switch, e.g. towards direct electrification, would resemble an invest-
ment in a new installation, while the modernisation cycles within the existing fossil
technology require much lower effort. The (compared with other applications) high
share of CAPEX on total costs of about 40 % thus hampers technology switch.
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“Delayed” finally is far from the diffusion limit. Addition-
ally, some members of this group lack - by 2040 —the attrac-
tiveness for CO,-neutral technologies. Main reason why this
group does not achieve decarbonisation though is the inabil-
ity to realize the existing attractiveness in actual market dif-
fusion. This can have two main reasons, similar to “Boosted”
but more pronounced. These reasons refer to the time available
for technology diffusion: First, some applications’ alternative
technologies “unlock” only by 2030, based on the scenario’s
assumptions of technology readiness. Efforts to develop these
technologies resulting in the plausible assumption they might
be available earlier can influence the results. Examples for this
are continuous heating and heat treatment of long and flat
steel. Second, applications with high technical lifetimes often
only allow at most one replacement of an installation in the
modelled timeframe. If this replacement happens too early
and price signals are not present yet, a fossil installation will be
built that cannot be replaced again by 2040. This effect forms a
cluster of non-metallic minerals processing (refractory bricks,
lime, clinker) with modernisation cycles from 30 up to 60
years. As the dimension time is not represented in Figure 3,
it must be noted that another reason is theoretically possible
for the behaviour observed in the “Delayed” group: If the at-
tractiveness of the alternative technologies quickly increased
between e.g. 2038 and 2040 (and was low before), this appli-
cation would seem to have attractive options but never had
the chance to implement them. Within the analysed scenario,
there is no such sharp change of conditions, especially not for
specific applications. However, the timing of price signals is a
dimension worth considering.

We conducted a quick analysis concerning current price
levels of natural gas. As a price signal for the model, we used
the rough assumption that natural gas prices triple in 2022,
partly recovers until 2030 and remain doubled until 2050 -
all compared to our base case described above and neglecting
any other price changes (e.g. higher electricity prices). In this
variation, strong influences on the identified groups can be ob-
served in 2040. Assuming the same ambitious policy package,
56 % (78 TWh) of the investigated energy demand (13 appli-
cations) could now be allocated to group “Advantaged”. The
newly added applications stem from all previous groups. 2 %
(2.8 TWh) in 7 applications can be grouped in “Boosted”. Two
applications are present in group “Cornered”, making up for
only less than 1 % (0.1 TWh). Finally, the “Delayed” group with
42 % (59 TWh) in 12 applications has a strong momentum to
decarbonized technologies, with an average attractiveness of
alternative technologies of 84 % — the average over all groups
is 90 %. This indicates that the bottleneck is the installation re-
placement which we didn’t increase manually. It seems reason-
able to assume, though, that strong price signals would induce
a higher replacement rate, further shifting the results.

The technology deployment within the group of alternative
(CO,-neutral) technologies is another dimension worth ana-
lysing (Figure 4). Readings example for 2040 (follow the outer
ticks): application 4 (continuous heating flat/long steel) has
about 86 % share of fossil fuels (horizontal axis, from right to
left) and about 13 % of CO,-neutral fuels (axis from top to bot-
tom right); application 13 (discontinuous homogenizing/heat-
ing of aluminum strip/profiles) shows 27 % electric (bottom left
to top axis), 10 % COZ—neutral fuels and 63 % fossil fuels.
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Figure 3. Diffusion results in 2040 with categorization and example applications.

While in 2020 (not displayed), almost all applications rely
completely on fossil fuels (lower left corner), they gradually
move towards direct electrification (upper corner) or CO,-
neutral fuels (lower right corner). By 2040, the applications
reach varying degrees of decarbonisation (also visible in Fig-
ure 3) with different technology paths. A stronger trend to
direct electrification can be observed, with COZ-neutral fuels
only being used where strong technical reasons exist"?. This is
in part a result of the scenario assumptions, in which the price
of electricity-based fuels is a function of the electricity price'.
Thus, in this scenario, electric heating is, where technically
possible, economically more attractive than CO,-neutral fuels.
The relevant observation here is that even with these assump-
tions, there are niche applications in which CO,-neutral fuels
can be relevant. The applications grouped in “Advantaged” and
“Boosted” can also be identified here by their higher distance
to the fossil fuel use area. However, the groups “Cornered”
and “Delayed” can not be distinguished from each other, both
aligning in the lower left, fossil corner. Comparing 2040 and
2050 (top/bottom), there seems to be a trend for the “Delayed”
to split in two groups, one going for direct electrification, the
other one for CO,-neutral fuels.

13. Note that the share of CO,-neutral fuels in Figure 4 is overrepresented, since
all hybrid (electrification and CO,-neutral fuel use in parallel) installations are al-
located to this axis.

14. With the transformation efficiency (assumed to be 70 % for hydrogen, and 50 %
for synthetic hydrocarbons) as a factor between them.
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Summary and Conclusions

In this contribution, we investigated 34 applications beyond the
usually covered basic material production that utilize process
heat and need to transform to carbon neutrality by the mid-
dle of this century. The applications analysed stand for about
40 % of industrial energy demand in Germany. We applied an
ambitious transformation scenario with strong price signals,
behaviour change and other supporting policy measures to a
techno-economic diffusion model. The main results are eco-
nomic attractiveness of COZ—neutral technologies, the diffusion
of decarbonized technologies in general and the types of tech-
nologies used.

Several limitations of this study need to be mentioned. Fore-
most, as outlined in Table 1, the investigated applications cover
only about 40 % of the industrial energy demand. It is to be ex-
pected, that many more applications could be included in such
an investigation, for example in the chemical industry and less
energy-intensive branches of the economy. The comparably
high effort for the definition and analysis required for the ap-
proach poses a significantly barrier to its wider use. It should
thus be used to complement subsectoral analyses, instead of
replacing them. Furthermore, this publication merely presents
one of many possible scenarios and policy packages. Albeit the
authors have high confidence in the results, their robustness
must be substantiated with scenario variations. This includes
several assumptions (e.g. price structure of electricity and CO,-
neutral fuels or availability of biomass). Besides lifetime and
economic factors on the diffusion of COz—neutral technologies,
the technical readiness level TRL of technologies has to be con-
sidered. In this work, a simplified availability depending on the
TRL of a technology is assumed. This may vary and the actual
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Figure 4. Ternary diagram of technology use by application, top: 2040, bottom: 2050. Size of circles indicates capacity. Hybrid technolo-
gies (electricity and CO2-neutral fuels) are allocated to CO,-neutral fuels. Refer to Table 1 for applications’ numbering. Figure created with
(Graham and Midgley 2000) toolkit.
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availability depends on the research and development activities
in a specific field. Finally, while high confidence is attributed to
the techno-economic data gathered in the project associated
with this publication, even the level of applications is unsuited
to describe properties of individual installations and the au-
thors believe that a validation of the conclusions with use cases
could be very valuable.

On the dimensions of economic attractiveness and diffusion,
we find four distinct groups of applications. According to their
behaviour, we call them “Advantaged”, “Boosted”, “Cornered”
and “Delayed” in an effort to summarize their main challenges.
“Advantaged” applications are in a good position to decarbon-
ize, with available and competitive technologies. They comprise
52 % (74 TWh) of the investigated energy demand. “Boosted”
applications see a strong but not sufficient increase in attrac-
tiveness and diffusion of CO,-neutral technologies. They ac-
count for about 3 % (5 TWh) of the investigated energy demand
in highly specialized applications. “Cornered” applications lack
economically attractive options to decarbonize, although they
would be able to implement them faster than other applica-
tions. About 2 % (2 TWh) of the investigated energy demand
is in this group. “Delayed” applications, with 43 % (60 TWh) of
investigated energy demand and 17 of the 34 applications, have
by 2040, economically attractive options. For several reasons —
that vary among its members - this attractiveness is not leading
to fast enough diffusion, though.

We conclude that the challenges to successful decarbonisa-
tion can not be described sufficiently on a subsectoral basis,
but their heterogeneity extends at least to the application-level
investigated here. The availability and economic attractiveness
of CO,-neutral technologies can vary within seemingly similar
activities. Policy design should thus strive to address these chal-
lenges specifically along the two dimensions of technology at-
tractiveness and technology diffusion, as presented as groups in
this publication. In short, these challenges are: For group “Ad-
vantaged”, the assumed - ambitious — measures suffice to allow
high diffusion of CO,-neutral technologies by 2040. But they
are still more ambitious than any planned or enacted policy.
For group “Boosted”, even stronger economic incentives and
behavioural change seems necessary. For group “Cornered”,
CO,-neutral technologies must be available earlier than cur-
rently expected, hinting at increased effort for research, devel-
opment and distribution. For group “Delayed”, both early price
signals and much faster installation replacement are needed.
For all groups, regulatory law should be considered to facili-
tate fast replacement of old installations and stop installation
of new fossil ones.
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