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1. Context

1.1. Relevance of emissions from the industrial sector

The Swiss Federal Council aims to achieve a climate-neutral Switzerland by 2050 [1]. While the decarbonization
of the transport and building sectors is under way in Switzerland [2] and in many other industrialized countries,
technologies for drastically reducing emissions in carbon- and energy-intensive industrial production are partly
still in their infancy. Industry contributed about 18% of Swiss CO2 emissions in 2018 [3] and consumed about 20%
of final energy in Switzerland in 2020 [4]. At the same time, carbon- and energy-intensive industries are of
significant importance for the Swiss economy. Major Swiss companies are engaged in industrial production in
subsectors such as cement, chemicals, food & beverages and metals.

1.1. Compilation of the Sector-Technology-Matrix

The present Sector-Technology-Matrix summarizes the potential of different abatement options to contribute to
the reduction of direct emissions from the most emission-intensive industry sectors in Switzerland.

First, using statistical data on emissions from the Swiss UNFCCC reporting tables for 2019 [5] we prioritized
subsectors with a major contribution to direct emissions (i.e. scope 1 emissions) in Switzerland. Of all emissions
reported as part of the relevant UNFCCC categories 1A2 (Energy > Fuel Combustion > Manufacturing Industry &
Construction) and 2 (Industrial Processes and Product Use), we only considered sufficiently classified emissions
that are emitted on site during the production process (cf. Figure 1). Furthermore, we de-prioritized subsectors
if their yearly emissions did not exceed 100 kt CO2eq. We also explicitly de-prioritized process emissions
associated with the production of the food supplement Niacin, as they will be largely mitigated by the installation
of a catalyst in the near future [6]. This left us with four prioritized industry sectors: (1) minerals (i.e., cement
and ceramics), (2) chemicals (i.e., olefins and other chemicals and pharmaceuticals), (3) metals, and (4) food &
beverages (cf. Figure 2). The indicated emissions, however, are subject to uncertainty as energy-related
emissions (category 1A2) and process-related emissions (category 2) are reported in different product/sector
groups and energy related emissions thus had to be allocated to industry sectors based on assumptions.

Prioritization of industry-related GHG emissions Four prioritized industry sectors
2018 emissions in kt CO2eq 2019 emissions in kt CO2eq?
9.000 8.968 - 4.000
8.000 3.500
7.000 3000 A
6.000
2.500
5.000
2.000
4.000
1.500
3.000
2.000 e 1791 813 710
500 389
1.000 BE s70 710
° UNFCCC Product & Indust Excluded DECARBIN 0 o " d
roduct use naustry Xcluaes . .
) Minerals. Chemicals Metals. Food &
1 - 2 -
1A2+2 non-classified: (sub-)sectors Beverages
Process-related emissions [lll Energy-related emissions
1) 1 =Energy; A = Fuel Comb. Act.; 2 = Manufact. Indust. & Censtr_; 2 = Industrial Processes & Product Use;

2) Non energy-products from fuels and solvent use, product uses as 0ODS substitutes, other product manufacture and
use; not sufficiently classified emissions (e.g. because of confidentiality reasons)
3) Energy-related emissions (1A2) alocated to (sub-Jindustry sectors based on own estimations

Figure 1 Prioritization of industry-related GHG emissions
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1) Energy-related emissions (1A2) allocated to (sub-)industry sectors based on own estimations

2) Process-related emissions from Lonza's Niacin production will be reduced significantly threugh the installation of a catalyst in the coming years

3) Activity and emissions data, for instance, are often only documented in the confidential version of the NIR

4) Overestimates actual emissions as the process-related emissions reported to UNFCCC include emissions from the Swiss Ammonia production and as energy-related are allocated based on process-related emissions (see footnote 1)

Figure 2 Breakdown of industry-related GHG emissions by sub-sector

Second, by conducting a review of existing studies on industry decarbonization options and results of recent and
ongoing projects in European countries [7]—[9], we created a synthesis of available abatement options for the
decarbonization of the prioritized subsectors. As illustrated in the DECARBIN framework in Figure 3, we focused
on technological options beyond those typically covered in energy system analysis, namely: (1) Increase of
process/system efficiencies, (2) shift towards electricity-based processes (electrification), (3) shift towards
alternative fuels, (4) carbon capture and storage (CCS) or use (CCU), and (5) shift to alternative feedstock or
intermediate products. Breaking down each of these five options further by differentiating underlying technical
approaches gave us a list of available sub-options (cf. chapter 3).

At this point it must be highlighted that the matrix only considers scope 1 emissions from the industrial
production system itself (see Figure 3). l.e., it covers neither upstream emissions associated with the production
of the usable energy or feedstock used by the industrial production system, nor downstream emissions
associated with the use of manufactured products or their end of life. As a result, when evaluating the
decarbonization potential of an option, neither the current nor the future footprint of any energy or feedstock
inputs is considered. As shown in Figure 3, changes of demand are not considered as an option to reduce
emissions from the industrial production system. Furthermore, the impact of the options on the energy system
— for instance due to increases of power/transmission demands — have not been analyzed. Also, resource
efficiency was not investigated because we expect it to be less relevant for energy and climate policy to be
modeled subsequently.

2 2
e 0e
In T w
w w
(D'g o (G} E
CCsiccu CcCsiccu
= r Dow -
Shiftto renew- Increase of g’i't'y'f?zt;";lzﬁt;;‘_
ables/nuclear efficiencies native fuels (3)'
Energy Primary Usable . Waste
flow energy Energy energy Industrial o energy
c Increase of
system production profgf@s_s.'sy_stem
iciencies
o systems
Shiftto :
: Changes in
alternative .
feedstock demand
Material Non-energy
Tlow inputs Products
Recycling of waste
Legend: Energy system decarbonization option (not in scope) Industry decarbonization option to be analyzed in DECARBIN

1) Including heating/cooling

Figure 3 DECARBIN framework illustrating five options for the decarbonization of the industrial production system
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The scheme to assess each options relevance for the sectors studied is introduced in chapter 4. The identified
abatement options are rated on a scale from 1 to 3 concerning (1) their diffusion potential for Switzerland, (2)
the technical decarbonization potential and (3) the technology readiness. In addition, an overall score is derived
aggregating the three individual scores.

In chapter 5 three items are presented per industry sector: (1) a set of industry-specific processes to be analyzed,
(2) a table summarizing the assessments and (3) the detailed assessment per technical approach including short
comments.

A summary of the results across the different industry sectors is given in chapter 6. References are indicated in
square brackets next to the ratings (i.e. [#], [##], etc.) and are listed in chapter 7.

2. Conclusion

The present analysis indicates that per sector a multitude of different abatement options and technical
approaches could potentially contribute to the deep decarbonization (see Figure 4). While from a technical
perspective, increasing process/system efficiencies (option 1) and a shift to alternative fuels (option 3) could
contribute significantly in all of the sectors, a shift in feedstock (option 5) is mainly applicable in the chemicals
sector, a shift from fuel-based processes to electricity (option 2) in all but cement and minerals, and the capture
and subsequent storage/use of carbon emissions (option 4) mainly in the cement industry. The economics as
well as potential constraints of the analysed options (e.g., the availability of alternative fuels), however, have not
been assessed yet, allowing for no concluding rating of the options’ potential.

ot
e ey CrnatE 1 Notapplicable  Notapplicable  Not applicable

1) Only relevant for scope 1 emissions if process is not fully electrified

Figure 4 High-level assessment of abatement options' relevance per prioritized industry sector
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3. Overview of abatement options

Level 1 — Abatement option Level 2 — Underlying rationale Level 3 — Technical approach
1. Increase of process/system 1.1. Reduction of (non-recovered) waste energy 1.1.1. More energy-efficient machines/appliances (e.g. pumps, motors, lighting, mills)
efficiencies 1.1.2. Process innovations for energy efficiency and process intensification (e.g. better catalysts)

1.1.3. Waste heat recovery and use (heat may be used for 2.1.1., 2.1.2. or 3.4)

1.2. Reduction of non-energy production waste

2. Shift to electricity 2.1. Provision of heat and cold with electricity® 2.1.1. Heat pumps and chillers

2.1.2. Mechanical vapour recompression

2.1.3. Electric boilers

2.1.4. Infrared heaters

2.1.5. Microwave & radio frequency heaters

2.1.6. Induction furnaces

2.1.7. Resistance furnaces

2.1.8. Electric arc furnaces

2.1.9. Plasma technology

2.1.10. Other

2.2. Provision of mechanical energy with electricity 2.2.1. Electrification of combustion engines

2.2.2. Other

2.3. Enabling chemical reactions with electricity (e.g. produce NH3 via electrical synthesis rather than through heat-driven Haber Bosch process; on-site
hydrogen production via electrolysis)

3. Shift to alternative fuels 3.1. Use of synthetic fuels 3.1.1. Synthetic methanol

3.1.2. Other liquid synthetic fuels

3.1.3. Synthetic hydrogen

3.1.4. Synthetic methane

3.1.5. Other gaseous synthetic fuels

3.2. Use of biofuels 3.2.1. Solid biofuels

3.2.2. Liquid biofuels

3.2.3. Gaseous biofuels

3.3. Use of lower carbon fossil fuels 3.3.1. Natural gas instead of hard coal or fuel oil
3.3.2. Other
3.4. Use of district heating/cooling
4. Carbon capture and 4.1. Pre-combustion
storage/use’ 4.2. Oxyfuel combustion
4.3. Post-combustion 4.3.1. Chemical absorption

4.3.2. Membrane separation

4.3.3. Sorption by solids

4.3.4. Carbonate looping

4.4, Direct capture in production process (i.e. CALIX process for calcination during cement production)

5. Shift to alternative feedstock 5.1. Shift to alternative chemical agents (e.g. replace coke/coal by hydrogen to produce sponge iron)

or intermediate products 5.2. Shift to alternative non-reactive inputs (e.g. use recycled aluminium, replace Portland by alternative cement with comparable properties)

1 Level 3 categorization based on [87]

2 The storage/use part has not been evaluated
15.01.2024 7



4. Assessment scheme
Abatement options are assessed regarding three different dimensions, namely (1) diffusion potential, (2) specific decarbonization potential and (3) technology readiness (see
Table 1). On this basis, an “overall relevance” score is assigned based on a defined aggregation scheme (see Table 2).

Table 1 Overview of assigned scores

+[+] 4|
4|+ ]+
4|+ +|

Low diffusion potential in Switzerland
Medium diffusion potential in Switzerland

High diffusion potential in Switzerland

Low technology readiness (TRL 1-3)

Medium technology readiness (TRL 4-6)

High technology readiness (TRL 7-9)

2 2ll2

No information gathered

Low specific decarbonisation potential
Medium specific decarbonisation potential

High specific decarbonisation potential

Low overall relevance
Medium overall relevance

High overall relevance

Table 2 Rating scheme for the “overall relevance” score

Specific decarbonization potential Technology readiness Diffusion potential in Switzerland Resulting overall relevance
n/a (technologies with low TRL must have low diffusion)
[+]+]

[+ +|+] [ |

[+] o .
n/a (technologies with low TRL must have low diffusion)

[+ +|

[+ +|+] [k | %]

[+] [x]

[+ +| [x]

[+]+]+] A %]

gn n/a (technologies with low TRL must have low diffusion)

[+ +|+] x| %]

+] n/a (technologies with low TRL must have low diffusion)

[+ +|

[+ +|+] x| %]

[+] [ |

[+ +| x| %]

[+ +|+] x| %]

[+ . .

oo n/a (technologies with low TRL must have low diffusion)

[+ +|+] EIENEY

n/a (technologies with low TRL must have low diffusion)

[+ +|

[+ +|+] EIENEY

[+] x| %]

[+ +| EIENEY

[+ +|+] EIENEN
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5. Sector-technology-matrix

5.1. Minerals industry
5.1.1.Cement

5.1.1.1. Overview of processes

1. Raw material 2. Clinker

preparation production

Source: [10]-[13]

3. Cement
grinding

15.01.2024 9



5.1.1.2. Summary of assessment
Level 1 — Abat t Abat t Technol Potential i 0 ]
ev? atemen Level 2 — Underlying rationale Level 3 — Technical approach a emf—:n ec n'o oey o'en falin vera
option potential readiness Switzerland relevance
1. Increase of 1.1. Reduction of (non-recovered) waste 1.1.1. More energy-efficient machines/appliances m
process/system energy 1.1.2. Proc. innov. for energy effic. and process intensific. - - - -
eficiencies +|+|+ I+ | x I

1.1.3. Waste heat recovery and use & D

1.2. Reduction of non-energy production waste -

2. Shift to electricity

2.1. Provision of heat and cold with
electricity3

2.1.1. Heat pumps and chillers -

2.1.2. Mechanical vapour recompression -

2.1.3. Electric boilers -

2.1.4. Infrared heaters -

2.1.5. Microwave & radio frequency heaters -

2.1.6. Induction furnaces -

b

2.1.7. Resistance furnaces

2.1.8. Electric arc furnaces

ﬁ

2.1.9. Plasma technology

2.1.10. Other -
2.2. Provision of mechanical energy with 2.2.1. Electrification of combustion engines @ @ TRL
electricity 2.2.2. Other - -

2.3. Enabling chemical reactions with electricity

m

3. Shift to alternative
fuels

3.1. Use of synthetic fuels

3.1.1. Synthetic methanol

3.1.2. Other liquid synthetic fuels

3.1.3. Synthetic hydrogen

3.1.4. Synthetic methane

aﬁ

3.1.5. Other gaseous synthetic fuels

3.2. Use of biofuels

3.2.1. Solid biofuels

ﬁ

3.2.2. Liquid biofuels

3.2.3. Gaseous biofuels
3.3. Use of lower carbon fossil fuels 3.3.1. Natural gas instead of hard coal or fuel oil S| D
3.3.2. Other S| D

3.4. Use of district heating/cooling

4. Carbon capture and
storage/use

4.1. Pre-combustion

4.2. Oxyfuel combustion

4.3. Post-combustion

4.3.1. Chemical absorption

4.3.2. Membrane separation

4.3.3. Sorption by solids

4.3.4. Carbonate looping

4.4, Direct capture in production process

5. Shift to alternat. feed-
stock or interm. products

5.1. Shift to alternative chemical agents

5.2. Shift to alternative non-reactive inputs

-olo

3 Level 3 categorization based on [87]
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5.1.1.3. Detailed assessment

Abatement option

1. Increase of process/system efficiencies

Underlying rationale

1.1. Reduction of (non-recovered) waste energy

Technical approach

1.1.1. More efficient machines/appliances

1.1.3. Waste heat recovery/use

readiness level®

Applicable Raw material preparation, clinker production, cement grinding Clinker production
processes
o Energy efficiency measures widely applied in new plants and | e Re-use of waste heat from high temperature processes for
retrofitted to existing ones [14] processes at lower temperatures
Description e Examples: Improved raw material and cement mills, e Examples: Application of cyclone preheaters to increase
mechanical transport systems and grate coolers temperature of feed entering the kiln by using heat from
calcination and sintering process
o Limited to energy-related emissions e Introducing cyclone preheaters and precalciners can reduce
Abatement e Variable depending on type of efficiency measure fuel demand by 0.9 GJ/t of clinker and CO; emissions by
potential scope 1 0.064 tCO,/t of clinker [14]
.. 4
emissions
1 1 1 1
Technology 9 [14] 9 [14], [10]

Status in
Switzerland

o Diffusion of the different measurers varies between 16%
(better separators for raw material) and 94% (replacing ball
mills by vertical roller mills) [14]

+[+[+

® Solutions (e.g. preheaters and precalciners) are mature
e Usage of (more efficient) cyclone preheaters varies among
Swiss cement plants [14], [10]

|+ +[+

4 The abatement potential is often a function of abatement cost, i.e. there is a trade-off between degree of decarbonization and investments or additional energy needed

5 If multiple technologies or processes exist the highest available TRL is shown
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Abatement option

2. Shift to electricity

Underlying rationale

2.1. Provision of heat and
cold with electricity

2.2. Provision of mechanical energy
with electricity

2.3. Enabling
chemical reactions
with electricity

Technical approach 2.1.7. Resistance 2.1.9. Plasma 2.2.1. Electrification of combustion engines
furnaces technology
Applicable . . . . . . . .
Clinker production Clinker production Raw material preparation Clinker production
processes
o Technical concept for the calcination of o Technical concept for heating the raw meal o Raw material typically transported from the | e Lab scale electrochemical synthesis of
finely ground raw meal in electrically in the calciner or the kiln through plasma quarry to the cement plant via transport calcium hydroxide (Ca(OH)2) to produce
heated, steel reactors. Such reactors — torches. Plasma torches use ionized gases belts and/or dumpers (depending on the alite (3Ca0-Si0,), the main constituent of
compared to traditional kilns — allow for an (plasma) heated via electric arcs [16], [17] geographical situation of the site). To date Portland cement [18]
indirect heating of the meal and thus an e Examples: these dumpers are burning fossil fuels
Description efficient direct capture of CO; (cf 4.4.) [15] Technical concept based on the working
e Examples: parameters of Cementa’s cement plant in
LEILAC 2 project investigates feasibility of Slite, Sweden exists [16]. R&D program by
electrifying a reactor located at the British Mineral Product Association to
HeidelbergCement plant in Lixhe, Belgium research the potential use of plasma in the
which currently heats the reactor using cement and lime industry in more detail
natural gas [15] [17]
o Theoretically all energy-related emissions o Theoretically all energy-related emissions ® 130 t of CO; per year and dumper [19] o Theoretically all energy-related emissions
Relative (up to ~40%) (up to ~40%) (up to ~40%)
abatement o Theoretically full decarbonization possible
potential scope 1 by combination with direct capture
emissions
1 1 1 1 1
2 [16], [17]
4[15] PIa'sma torches in. genera.l commercially 7 [19] 4[18]
Technology available and applied e.g. in selected waste

readiness level

incineration plants

Status in
Switzerland

e Low diffusion as not applied commercially
yet (see TRL)

o Low diffusion as not applied commercially
yet (see TRL)

e One of 40 dumpers in Switzerland
electrified [20] in a demonstration project
at Vigier quarry in Péry, CH [19]

e Low diffusion as not applied commercially
yet (see TRL)

15.01.2024 12




3. Shift to

Abatement option alternative fuels
Underlying . . .

) 3.1. Use of synthetic fuels 3.2. Use of biofuels 3.3. Use of low carbon fossil fuels
rationale
Technical 3.1.3. Synthetic hydrogen 3.1.4. Synthetic methane 3.2.1. Solid biofuels 3.2.3. Gaseous biofuels 3.3.1. Natural gas |nstgad of 3.3.2. Other
approach hard coal or fuel oil
Applicable . . . . . . . . . . . .
processes Clinker production Clinker production Clinker production Clinker production Clinker production Clinker production

o Different initiatives to co- e The burner can be run on o Different types of solid e Analog to natural gas e The burner can be run on o Different types of waste (as
fire hydrogen in the burner different fuels including biomass co-fired in cement (3.3.1.) the burner can be different fuels including e.g. old tires or plastic

e Examples: (synthetic) methane plants today — from waste run on gaseous biofuels natural gas waste) used globally as

Description CEMEX Alicante [21] and wood to animal waste to substitutes for fossil fuels
Rugby plants [22]; Hanson sewage sludge
UK port Talbot plant [23],
[24]

o Theoretically all energy- ® 40% lower CO2 emissions e Due to the lower calorific o Theoretically all energy- ® 40% lower CO2 emissions o The abatement potential
related emissions (up to compared to coal in value of biomass full related emissions (up to compared to coal in depends on the baseline
~40%) relation to primary energy substitution technically ~40%) relation to primary energy fuel mix and the mix of the

e In Switzerland coal/coke content [26], [27] (see also challenging [28], o In Switzerland coal/coke content [26] alternative fuel —in
still make up ~31% of the 33.1) substitution above 50% still make up ~31% of the e In Switzerland coal/coke Switzerland coal/coke still
fuel [25] e In Switzerland coal/coke would require changes to fuel [25] still make up ~31% of the make up ~31% of the fuel

Abatement still make up ~31% of the the plants [29] fuel [25] [25]
pot.enFlal scope 1 fuel [25] e In Switzerland coal/coke
emissions o Life-cycle emissions of still make up ~31% of the

synthetic fuels not fuel [25]

considered in the

DECARBIN project

4 4 4 1 4 1 4 1
>6 [21], [22], [23], [24], [30] 9[14], [31], [32] 9 [25] 9 [25] 9 [14], [31], [32] 9 [25]

Technology

readiness level

Status is
Switzerland

o Low diffusion as not
applied commercially yet
[25]

o Limited use of gas in Swiss
plants [14], [25]

o Synthetic methane not
used in Switzerland yet [14]

4+ +

16% of the fuel used in
Switzerland are solid
biofuels (7.5% waste wood,
4.5% dry sewage sludge,
4.2% animal fats and meal),
its share has been
increasing since 2009 [25]

4]+

o Low diffusion as not
applied commercially yet
[25]

+[+[+

e Limited use of natural gas
in Swiss plants [14], [25]

+[+[+

o Widely applied in Swiss
plants [25]

o Alternative fuels (excl.
biofuels) make up 52% [25]

15.01.2024 13




Abatement option

4. Carbon capture and storage/use6

Underlying
rationale

4.1. Pre-combustion

4.2. Oxyfuel combustion

4.3. Post-combustion

4.4. Direct capture in
production process

Technical
approach

4.3.1. Chemical
absorption

4.3.2. Membrane
separation

4.3.3. Sorption
by solids

4.3.4. Carbonate
looping

Applicable
processes

Clinker production

Clinker production

Clinker production

Clinker production

Clinker production

Clinker production

Clinker production

Description

o On-site production of
CO: and H; from the
original fuel. While the
pure Hz can be used as
fuel in the burner, the
COz is captured using
physical or chemical
absorption
technologies (see 4.3.)
[33]

® Pre-combustion
technologies do not
bear the potential to
capture process-
related emissions

e Combustion of fuel in
pure O; leading to
higher CO>
concentrations
compared to
combustion in ambient
air improving the
efficiency of post
combustion processes

e Examples:

CEMCAP project [34];
ECRA project [35]

e Aqueous solution (e.g.
amine or ammonium)
used to separate CO:
from flue gas which is
regenerated in a
second step to release
the purified CO>
Alternatively, aqueous
solution used to
produce by-products
from the captured CO>
(e.g. baking soda
(NaHCO3s) based on a
sodium hydroxide
solution)

Examples:

Capital Aggregates
plant, US; Norcem
plant, NO; Anhui
Conch plant, CN;
Dalmia Cement plant,
IN [36]; CEMCAP
project [34]

e Cascade of
membranes used to
separate COz from the
flue gas based on
differences in
diffusivity

e Examples:

Norcem plant, NO;
MemCCC project, NO
[36]; CEMCAP project
(34]

o A solid material
adsorbs CO; on its
surface and releases it
during regeneration

e Examples:

Norcem plant, NO; LH
CO2MENT Colorado
project, US; CO2MENT
project, CA [36]

e CO; captured based on
reversible carbonation
reaction, most
commonly the looping
of calcium (CaO + CO;
<->CaC0s)

e Examples:

Taiwan Cement
Company plant, TW;
Norcem plant, NO
[36]; CEMCAP
project[34]; CLEANKER
project [34]

Technical concept for
the calcination of
finely ground raw
meal in electrically
heated, steel reactors.
Such reactors —
compared to
traditional kilns —
allow for an indirect
heating of the meal
and thus an efficient
direct capture of CO:
[15]

e Examples:

LEILAC 1 & 2 projects
(15]

Abatement
potential scope 1
emissions

® 90% [37] of energy
related emissions

1

* 90% [36], [38]

® 90% [38]

* 90% [36], [38]

* >80% [36]

* 90% [36], [38]

® 95% of process-related
emissions are targeted

Technology
readiness level

9[33]

7 (36]

Cement industry: 7 [36]
In general: Up to 7 [39]

Cement industry: 8 [36]
In general: 9 [40], [39]

Cement industry: 4 [36]
In general: Up to 9 [39]

Cement industry: 6 [36]
In general: Up to 9 [39]

7 [15]

Status in
Switzerland

o Low diffusion as not applied commercially yet

|+ +[+

+[+[+

4+ +

4+ +

4+ +

4+ +

4+ +

6 The storage/use part is not analysed in detail here
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Abatement option

5. Shift to alternative feedstock or intermediate products

Unclierlymg 5.1. Shift to alternative chemical agents 5.2. Shift to alternative non-reactive inputs
rationale
Technical 5.1.1 Alternative binders 5.2.1. Supplementary
approach (e.g. alkali-activated & belite-rich Portland) cementitious materials
Applicable / /
processes
o Replace the clinker and its function rather than trying to reduce the cement’s clinker content | e Reducing the CO; intense clinker content in cement reduces its CO: intensity
as done through supplementary cementitious materials (see 5.2.1.) o Traditional CEM | Portland cement has a clinker content of 95-100%. CEM II/A and CEM 1I/B,
® Produced in a similar way as clinker but from different raw materials reducing the CO: Portland composite cements, have lower clinker contents of 80-94% and 65-79%,
Description emissions in the production [41] respectively. CEM lll blast furnace cement, CEM IV Pozzolanic cements and CEM V Composite
cements can have even lower clinker contents [42]
® Globally large regional differences observed connected with the availability of
supplementary materials
e Variable depending on type of binder ® Variable depending on mixture of cement: CEM II/A and I1/B reduce emission by up to 20 and
35%, respectively, CEM V composite cements even up to 80% [43]
Abatement o Note: Replacement materials (as e.g. fly-ash) not always available in the regions of cement
. production, and the different cement types can differ significantly in their properties, e.g. in
potential scope 1 hei h
emissions their strength [42]
4 1
9 [25] 9 [25]
Technology

readiness level

Status in
Switzerland

o Low diffusion (<3% [25])

4+ +

o Use of CEM II/A and I1/B in Switzerland has been growing in the past [25], only 7% of the
cement produced today is of CEM | type

+[+[+
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5.1.2. Ceramics (limited to brick and tile production)

5.1.2.1. Overview of processes

1. Raw

material 2. Shaping 4. Burning
preparation

Source: [44]-[46]
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5.1.2.2.

Summary of assessment

Level 1 — Abatement . . . Abatement  Technology Potential in Overall
. Level 2 — Underlying rationale Level 3 — Technical approach . . .

option potential readiness Switzerland relevance

1. Increase of 1.1. Reduction of (non-recovered) waste 1.1.1. More energy-efficient machines/appliances 2 2 2

process/system energy 1.1.2. Proc. innov. for energy effic. and process intensific. 2 2 2

efficiencies —

1.1.3. Waste heat recovery and use 2 2 2

1.2. Reduction of non-energy production waste - - - -

2. Shift to electricity 2.1. Provision of heat and cold with 2.1.1. Heat pumps and chillers 2 2 2 m_
electricity 2.1.2. Mechanical vapour recompression 2 2 2 m_

2.1.3. Electric boilers

2.1.4. Infrared heaters

2.1.5. Microwave & radio frequency heaters

2.1.6. Induction furnaces

2.1.7. Resistance furnaces

2.1.8. Electric arc furnaces

2.1.9. Plasma technology

2.1.10. Other

TRL|TRL

2.2. Provision of mechanical energy with
electricity

2.2.1. Electrification of combustion engines

2.2.2. Other

2.3. Enabling chemical reactions with electricity

3. Shift to alternative
fuels

3.1. Use of synthetic fuels

3.1.1. Synthetic methanol

T

3.1.2. Other liquid synthetic fuels

HEE

3.1.3. Synthetic hydrogen

[2[2]2

3.1.4. Synthetic methane

3.1.5. Other gaseous synthetic fuels

[2[2]?

3.2. Use of biofuels

3.2.1. Solid biofuels

3.2.2. Liquid biofuels

[2[2]2

3.2.3. Gaseous biofuels

3.3. Use of lower carbon fossil fuels

3.3.1. Natural gas instead of hard coal or fuel oil

3.3.2. Other

3.4. Use of district heating/cooling

4. Carbon capture and
storage/use

4.1. Pre-combustion

4.2. Oxyfuel combustion

4.3. Post-combustion

4.3.1. Chemical absorption

4.3.2. Membrane separation

4.3.3. Sorption by solids

4.3.4. Carbonate looping

4.4. Direct capture in production process

5. Shift to alternat. feed-
stock or interm. products

5.1. Shift to alternative chemical agents

5.2. Shift to alternative non-reactive inputs

ﬁﬁ
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5.1.2.3.

Detailed assessment

Abatement option

1. Increase of process/system efficiencies

Underlying rationale

1.1. Reduction of (non-recovered) waste energy

Technical approach

1.1.1. More efficient machines/appliances

1.1.2. Process innovation for energy efficiency and process
intensification

1.1.3. Waste heat recovery/use

Applicable . . . .
processes Burning Burning, drying Burning

o Optimization of kiln furniture for production of roof tiles o Separation of burner and dryer allowing for electrification of | e Preheating of combustion air to reduce fuel demand [47],
Description [47] as lighter equipment leads to less heat leaving the kiln drying process and lowering energy demand for burning (in [48]

combination with heat pumps, cf. 2.1.1.) [47]

e Only incremental improvements for energy-related e Only incremental improvements for energy-related e Incremental improvements for energy-related emissions
Abatement emissions emissions [48]
potential scope 1
emissions

4 1 1 1 1 4
9[47 9 [47 9 [47

Technology [47] [47] [47]

readiness level

Status in
Switzerland

o No information available

2 2ll2

e No information available

2] 12

e No information available

2] 12
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Abatement option

2. Shift to electricity

Underlying rationale

2.1. Provision of heat and
cold with electricity

Technical approach 2.1.1. Heat pumps and chillers 2.1.2. Mechanical vapour recompression 2.1.5. Microwave and radio frequency heaters 2.1.10. Other
Applicable . . . .
processes Drying Drying Drying Burning
o Electrification of drying of wet, pressed e Used to upgrade waste steam e Microwave heating allows for an o Electrification of the burning process. No
bricks and tiles reduces fuel demand in the electrification of the drying process for commercial or pilot projects [46], [52]
burner section as hot air can be reused in simple geometries [50], [46], [44], [51] o Different electrifications pathways are
the burner instead of being fed into the conceivable, e.g. resistance furnaces (cf.
o dryer [49] 2.1.7.), including hybrid solutions in
Description combination with alternative fuels (cf 4.) [47]
Relative o Reduction of burner’s fuel demand [49] e Variable — parts of the energy related o Reduction of burner’s fuel demand e Elimination of burner’s fuel demand
abatement emissions
potential scope 1
D i level
epending on temperature leve 9 1-3 [46] 2[52]
Technology 9[53]

readiness level

Status in
Switzerland

o No information available

2212

o No information available

2212

o Low diffusion as not applied commercially
yet (see TRL)

++[+

o Low diffusion as not applied commercially yet

(see TRL)
4[4[+
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3. Shift to

Abatement option alternative fuels
Unclierlymg 3.1. Use of synthetic fuels 3.2. Use of biofuels
rationale
Technical 3.1.1. Synthetic methanol -1.2. Other liquid synthetic 3.1.3. Synthetic hydrogen |3.1.4. Synthetic methane 3.1.5. Othef gaseous 3.2.2. Liquid biofuels 3.2.3. Gaseous biofuels
approach fuels synthetic fuels
Applicable . . . . . . . . . . . . . .
processes Burning, drying Burning, drying Burning, drying Burning, drying Burning, drying Burning, drying Burning, drying
o Replacing the current fuel (mostly gas) by any synthetic liquid or gaseous fuel ® Replacing the current fuel (mostly gas) by any
o Depending on the fuel, changes to the process have to be made to counteract unintended effects as e.g. changes in colour liquid or gaseous biofuel
Description o Depending on the fuel, changes to the process
have to be made to counteract unintended effects
as e.g. changes in colour
o All energy-related emissions
Abatement
potential scope 1
emissions
9 [46], [45] 9
Technology

readiness level

HHEE ? 212

2 2ll7

?0? ?

MK

Status is
Switzerland

o Low diffusion as not applied commercially yet

o Today, fuel mix is dominated by gas and fuel oil leading to emissions of ca. 0.2 t of CO2 per t of brick produced [25], [54], [55], [56]

+++ I+

]+ +]

]+ +]

o Low diffusionToday, fuel mix is dominated by gas
and fuel oil leading to emissions of ca. 0.2 t of CO2
per t of brick produced[25], [54], [55], [56]

|+ +[+ +[+[+
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Abatement option

4. Carbon capture
and storage/use

Underlying
rationale

4.1. Pre-combustion

4.2. Oxyfuel combustion

4.3. Post-combustion

Technical
approach

4.3.1. Chemical absorption

4.3.2. Membrane separation

4.3.3. Sorption by solids

4.3.4 Calcium
looping

Applicable
processes

Burning, drying

Burning, drying

Burning, drying

Burning, drying

Burning, drying

Burning, drying

Description

e The CCS solutions discussed in 4.1.-4.3. for the cement industry can be similarly applied to the ceramics industry and more specifically to the production of bricks and tiles. Compared to the
cement industry, however, the flue gases typically have lower CO; contents leading to higher specific energy demands for the regeneration. As for the cement industry, low-temperature

waste energy is available for recovery [48], [57]. Due to in average smaller installations, economics of CCS in the ceramics industry are expected less favourable

e Note: The applicability of CCS to the flue gas stream of different industry processes mainly depends on its CO2 concentration, temperature and the concentration of impurities [58] as well as
the availability of waste heat and the dispersion of the flue gas sources

Abatement
potential scope 1
emissions

® Typically 90% or more [36],
[37] (see chapter on
cement industry)

 Potential limited based on
flue gas concentration and
avg. installation size

1

® Typically 90% or more [36],
[37], [38] (see chapter on
cement industry)

 Potential limited based on
flue gas concentration and
avg. installation size

1

® Typically 90% or more [36],
[37], [38] (see chapter on
cement industry)

 Potential limited based on
flue gas concentration and
avg. installation size

1

® Typically 90% or more [36],
[37], [38] (see chapter on
cement industry)

® Potential limited based on
flue gas concentration and
avg. installation size

1

o Typically 90% or more [36],
[37] (see chapter on
cement industry)

e Potential limited based on
flue gas concentration and
avg. installation size

1

o Typically 90% or more [36],
[37], [38] (see chapter on
cement industry)

e Potential limited based on
flue gas concentration and
avg. installation size

1

Technology
readiness level

In general (not specific to
ceramics production): 9 [33]

In general (not specific to
ceramics production): 7 [36]

In general (not specific to
ceramics production): 9 [40],
[39]

In general (not specific to
ceramics production): Up to
9[39]

In general (not specific to
ceramics production): Up to
9[39]

In general (not specific to
ceramics production): Up to
7 [39]

Status is
Switzerland

e Low diffusion as not
applied commercially yet

e Low diffusion as not
applied commercially yet

e Low diffusion as not
applied commercially yet

4+ +

e Low diffusion as not
applied commercially yet

4+ +

o Low diffusion as not
applied commercially yet

+[+[+

o Low diffusion as not
applied commercially yet

+[+[+
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Abatement option

5. Shift to alternative feedstock or intermediate products

Underlyi
n. erving 5.1. Shift to alternative chemical agents 5.2. Shift to alternative non-reactive inputs
rationale
Technical . . . .
5.1.1. Biogenic pore-forming agents 5.2.1. Alternative tones

approach
Applicable Burning Burning
processes

o In brick manufacturing pore-forming agents used to reduce thermal conductivity. Today both | e Reduces process-related emissions from calcination (cf. cement production) and

fossil (e.g. polystyrene-based) and renewable (e.g. sawdust) agents used [47], [59], [60] subsequently leads to lower energy-related emissions as less energy for calcination is needed
[47]

Description

o Depends on the currently used agents e Depends on the currently used tones and its replacement
Abatement
potential scope 1
emissions

4 4
9 [47], [59], [60] 9 (see 5.1.2)

Technology

readiness level

Status in
Switzerland

o No information available

22 2

e No information available

222
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5.2. Chemicals industry
5.2.1. Lower olefins

52.1.1. Overview of processes

ERCEN
clean-up

2. Primary
fractionation

4. Co-product
fractionation

Source: [61], [62]

15.01.2024 23



5.2.1.2. Summary of assessment
Level 1 — Abat t Abat t Technol Potential i o Il
ev? atemen Level 2 — Underlying rationale Level 3 — Technical approach a emf—:n ec n'o oey o'en falin vera
option potential readiness Switzerland relevance
1. Increase of 1.1. Reduction of (non-recovered) waste 1.1.1. More energy-efficient machines/appliances m
process/system energy 1.1.2. Proc. innov. for energy effic. and process intensific. . m_
efficiencies

[

1.1.3. Waste heat recovery and use

1.2. Reduction of non-energy production waste

[k || ]

2. Shift to electricity

2.1. Provision of heat and cold with
electricity

2.1.1. Heat pumps and chillers

&S
2.1.2. Mechanical vapour recompression

D&
2.1.3. Electric boilers -

2.1.4. Infrared heaters -

2.1.5. Microwave & radio frequency heaters -

2.1.6. Induction furnaces -

2.1.7. Resistance furnaces -

2.1.8. Electric arc furnaces -

2.1.9. Plasma technology

2.2. Provision of mechanical energy with
electricity

2.1.10, Other e + |+ |+ > [«
2.2.1. Electrification of combustion engines - - - -
2.2.2. Other - - - -

2.3. Enabling chemical reactions with electricity

3. Shift to alternative
fuels

3.1. Use of synthetic fuels

3.1.1. Synthetic methanol -

3.1.2. Other liquid synthetic fuels -

3.1.3. Synthetic hydrogen

3.1.4. Synthetic methane -

3.1.5. Other gaseous synthetic fuels -

3.2. Use of biofuels

3.2.1. Solid biofuels -

3.2.2. Liquid biofuels -

3.2.3. Gaseous biofuels -

3.3. Use of lower carbon fossil fuels

3.3.1. Natural gas instead of hard coal or fuel oil -

3.3.2. Other -

3.4. Use of district heating/cooling

4. Carbon capture and
storage/use

4.1. Pre-combustion

4.2. Oxyfuel combustion

4.3. Post-combustion

4.3.1. Chemical absorption

4.3.2. Membrane separation

4.3.3. Sorption by solids

000000

4.3.4. Carbonate looping

4.4. Direct capture in production process

5. Shift to alternat. feed-
stock or interm. products

5.1. Shift to alternative chemical agents

5.1.1. Ethane

e
5|0

5.1.2. Methanol

-

5.2. Shift to alternative non-reactive inputs
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5.2.1.3. Detailed assessment
Abatement option 1. Increase of process/system efficiencies
Unclierlymg 1.1. Reduction of (non-recovered) waste energy
rationale
Technical 1.1.1. More efficient machines/appliances 1.1.2. Process mnovatl.on for.ejner.gy efficiency and process 1.1.3. Waste heat recovery/use
approach intensification
Applicable Pyrolysis, primary fractionation, gas clean-up, co-product Pyrolvsis Pyrolysis, primary fractionation, gas clean-up, co-product
processes fractionation yroly fractionation
o Typically ethylene (C2Ha) and other olefins produced o Catalytic cracking applied globally as alternative to the e Hydrocarbons fed into steam cracker typically preheated in
through thermal cracking of fossil feedstock by steam at traditional thermal steam cracking [63], [64], especially for heat exchangers using waste heat [62]
temperatures of up 1000°C produced through burning of the cracking of crude oil o All European steam crackers make use of condensate
fossil fuels o Different catalytic processes lead to different ethylene — recycling to reduce energy demand associated with steam
® Production takes place in complex multi-stage facilities propylene ratios production [62]
which can be divided into four stages: (1) pyrolysis, (2) o Reduction of energy demand through preheating of
Description primary fractionation, (3) gas clean-up and (4) co-product combustion air [62]
fractionation [62]
o All European steam crackers apply any form of insulation to
reduce energy consumption and all operators claim to use
efficient fractionation columns [62]
o Level of efficiency not only depends on the equipment
used but also on how the plants are operated
o Significant room for improvement in terms of fuel o Significant abatement potential (10-20% [63]) o Fuel saving potential of up to 62% for refining processes in
consumption for refinery processes in Switzerland when Switzerland with the majority of savings going back to heat
Abatement comparing consumption to best available technologies recovery [65]
potential scope 1 (BAT) [65]
emissions
4 1 1 4 1
9 [62], [66] 9 [63], [67] 9 [65]
Technology

readiness level

Status in
Switzerland

o Past reduction of energy demand of Lonza’s Visp cracker by
6800 MWh/a [68]

o Though thermal steam cracking will always be energy
intense due to the high temperatures needed to crack long
hydrocarbons, the discrepancy with the BAT mentioned in
[65] points towards an abatement potential in Switzerland

e Low diffusion as not applied commercially yet

o No information available

2 ]2 12

15.01.2024 25



Abatement option

2. Shift to electricity

Underlying 2.1. Provision of heat and 2.3. Enabling chemical
rationale cold with electricity reactions with electricity
Technical 2.1.1. Hea.t pumps and 2.1.2. Mechamca.l vapour 2.1.9. Plasma 5.1.10. Others
approach chillers recompression technology
Applicable P.yroly.sis, primary nyroly.sis, primary . . . .
processes fractionation, gas.clear'!—up, fractionation, gas.clean.—up, Pyrolysis Pyrolysis Pyrolysis Pyrolysis
co-product fractionation co-product fractionation
e Heat pumps used to pre- e Used to upgrade waste e Plasma-assisted production | e Contrary to traditional ® BASF eFurnace process e Instead of breaking bonds
heat feedstock and other steam [62] of olefins from rich-in- steam cracking process, the supposed to electrify the using thermal energy (steam
material streams (see also methane gas can yield RDR technology developed steam cracking process [72] cracking), electrochemical
1.1.3) lower (life cycle) emissions by the company Coolbrook | e DOW and Shell work on processes foresee breaking
than traditional production uses an electricity electric cracking processes the hydrocarbons
Description via steam cracking of propelled turbomachine for as well [73] electrochemically resulting
naphtha direct heating of the feed in a switch to electricity [74]
o Plasma-assisted [70], [71]
electrification of cracking o Pilot currently built in
process demonstrated on Geleen, NL
lab scale [69]
® Variable — parts of the o Variable — parts of the o Theoretically all energy- o All energy-related o All energy-related o All energy-related emissions
energy related emissions energy related emissions related emissions emissions emissions o Potential limited based on
Abatement o Potential limited based on e Potential limited based on e Potential limited based on flue gas concentration and
potential scope 1 flue gas concentration and flue gas concentration and flue gas concentration and avg. installation size
emissions avg. installation size avg. installation size avg. installation size
1 4 1 4 4 1 1 1
Depending on temperature
level 9 [62] 4[75] 41[70], [71] n/a[72], [73] 1-3 [74]
Technology 9[53]

readiness level

2 22

Status in
Switzerland

* No information available

20?7 7

o No information available

2[2 12

o Low diffusion as not
applied commercially yet
(see TRL)

o Low diffusion as not
applied commercially yet
(see TRL)

e Low diffusion as not
applied commercially yet
(see TRL)

e Low diffusion as not applied
commercially yet (see TRL)
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3. Shift to

4. Carbon capture

Abatement option alternative fuels and storage/use
Unclierlylng 3.1. Use of synthetic fuels 4.1 Pre.z- 4.2. Oxyf}:el 4.3. Post-combustion
rationale combustion combustion
Technical 3.1.3. Synthetic hydrogen 4.3.1. Chermcal 4.3.2. Merr?brane 4.3.3. So.rptlon by 434 Cz?luum
approach absorption separation solids looping
Applicable . . . . . . .
processes Pyrolysis Pyrolysis Pyrolysis Pyrolysis Pyrolysis Pyrolysis Pyrolysis
o Typically, by-products from the steam cracking process are e The CCS solutions discussed in 4.1.-4.3. for the cement industry can be similarly applied to the chemicals industry and more
recycled to be used as fuel in the cracking process, i.e. specifically to the production of olefins in steam crackers. Compared to the cement industry, however, the flue gases from
hydrogen and fuel gases are separated from the desired steam crackers typically have lower CO; contents — depending on the fuel used — leading to higher specific energy demands
products (e.g. ethylene) and then fed back to the burner, for the regeneration. As for the cement industry, low-temperature waste energy is available for recovery [57], [76]
Description where they are combusted emitting greenhouse gases o Note: The applicability of CCS to the flue gas stream of different industry processes mainly depends on its CO2
o To date no steam cracker operates on 100% hydrogen (though concentration, temperature and the concentration of impurities [58] as well as the availability of waste heat and the
100% hydrogen burners in principle available). In case of a dispersion of the flue gas sources
hydrogen share of 100%, alternatives for the non-hydrogen by-
products have to be identified
o Significant reduction of greenhouse gases possible [77] esp. o Typically 90% or more [36], [37], [38] (see chapter on cement industry)
given the high temperatures (~¥850°C) at which steam crackers
are operated and the enormous energy demand associated
with the provision of this thermal energy
Abatement .
. ® Replacing fuel gases by hydrogen reduces energy related
potential scope 1 .
o emissions to zero
emissions
1 1 4 1 1 1
In general (not In general (not In general (not In general (not In general (not In general (not
ifi lefi ifi lefi ifi lefi ifi lefi ifi lefi ifi lefi
9 (though not demonstrated for steam cracker) specific tg olefin specific tg olefin specific tQ olefin specific 'Fo olefin specific Fo olefin speci |<.: to olefin
Technology production): 9 production): 7 production): 9 production): Up production): Up production): Up to

readiness level

[33]

[36]

[39], [40]

to 9 [39]

to 9 [39]

7 [39]

Status is
Switzerland

e Not yet applied in Switzerland so far
® The Swiss Visp cracker uses by-products from the cracking
process to fuel its burner [27]

4+ +

o Low diffusion as
not applied
commercially

yet

o Low diffusion as
not applied
commercially

yet
+]+]+

o Low diffusion as
not applied
commercially

yet
+]+|+

o Low diffusion as
not applied
commercially

o Low diffusion as
not applied
commercially

o Low diffusion as
not applied
commercially

yet yet yet
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Abatement option

5. Shift to alternative feedstock or intermediate products

Underlying
rationale
Technical 5.1.1. Ethane 5.1.2. Methanol
approach
Applicable . .
processes Pyrolysis Pyrolysis
o Today the choice of feedstock for the olefin production ® The methanol-to-olefins (MTO) process is a catalytic process
depends heavily on its abundance and price. While naphtha to produce olefins. Though not used in Europe, ca. 20% of
is the predominant feedstock in e.g. Europe and China, in China’s ethylene capacity is MTO based with parts of the
the US and the Middle East ethane is dominating [78], [79] methanol produced from coal (coal-to-olefins or CTO) [80]
Description e |t is important to note that the type of feedstock influences
the yield of ethylene and by-products. Steam cracking of
ethane is reported to yield 80-84 wt% ethylene and typically
82 wt% high value chemicals (HVCs) whereas naphtha
crackers only yield 29-34 wt% ethylene and 55 wt% HVCs
[61]
o Specific CO; emissions (t CO/ t HVC) of olefins production ® The specific energy consumption of state-of-the-art
via ethane roughly 30% lower compared to the production conversion of methanol to HVCs (5-8 GJ/t HVCs) can be
via naphtha (1.0-1.2 compared to 1.6-1.8 t CO./ t HVCs) [61] lower than that of the steam cracking process based on
naphtha (8 GJ/t HVCs) or ethane (9 GJ/t HVCs) [81]
Abatement . -

i ® Though the MTO route allows to reduce life cycle emissions
pot.enFla/ scope 1 of olefin production significantly through low CO2 methanol
emissions (see e.g. 5.1.3.), the abatement potential for the industrial

production system is limited
1 4 1
Technology S 78, [79] 9771

readiness level

Status in
Switzerland

e The only Swiss steam cracker can run on butane, naphtha or
propane. No detailed information on fuel use available [82]

2 2ll2

o Neither deployed in Switzerland nor in the rest of Europe

[83]
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5.2.2.0ther chemicals

5.2.2.1. Overview of processes (excluding olefins and Niacin)
While for the other examined industries, the high homogeneity of products and small number of processes allows for an analysis of specific processes (e.g.
shaping, drying and burning for ceramics), this approach reaches its limits for the chemicals industry which is characterized by a high heterogeneity of products
and processes. For chemicals, we are instead looking at a set of generic processes (e.g. distillation) that are part of many different process chains used to produce
a multitude of products.

a) Distillation b) Compression ¢) Thermoforming d) Concentration

g) Chemical h) Physical
synthesis procedures

e) Boiling f) Bioreaction

Source: [84]-[86]
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5.2.2.2. Summary of assessment
Lev?l 1 - Abatement Level 2 — Underlying rationale Level 3 — Technical approach Abatemf—:nt Techn'ology Po’fential in Overall
option potential readiness Switzerland relevance
1. Increase of 1.1. Reduction of (non-recovered) waste 1.1.1. More energy-efficient machines/appliances m_
process/system energy 1.1.2. Proc. innov. for energy effic. and process intensific. - - - -
efficiencies 1.1.3. Waste heat recovery and use m

1.2. Reduction of non-energy production waste -

2. Shift to electricity

2.1. Provision of heat and cold with
electricity

2.1.1. Heat pumps and chillers

2.1.2. Mechanical vapour recompression

2.1.3. Electric boilers

2.1.4. Infrared heaters -

2.1.5. Microwave & radio frequency heaters -

2.1.6. Induction furnaces -

2.1.7. Resistance furnaces

2.1.8. Electric arc furnaces -

2.1.9. Plasma technology R

2.1.10. Other
2.2. Provision of mechanical energy with 2.2.1. Electrification of combustion engines - - - -
electricity 2.2.2. Other - - - -

2.3. Enabling chemical reactions with
electricity

2.3.1. Electrolysis

2.3.2. Electrochemical processes

3. Shift to alternative
fuels

3.1. Use of synthetic fuels

3.1.1. Synthetic methanol -

3.1.2. Other liquid synthetic fuels

3.1.3. Synthetic hydrogen

3.1.4. Synthetic methane

3.1.5. Other gaseous synthetic fuels -

3.2. Use of biofuels

&

3.2.1. Solid biofuels

3.2.2. Liquid biofuels -

3.2.3. Gaseous biofuels

3.3. Use of lower carbon fossil fuels

&

3.3.1. Natural gas instead of hard coal or fuel oil &

3.3.2. Other -

3.4. Use of district heating/cooling

4. Carbon capture and
storage/use

4.1. Pre-combustion

4.2. Oxyfuel combustion

4.3. Post-combustion

4.3.1. Chemical absorption

4.3.2. Membrane separation

4.3.3. Sorption by solids

4.3.4. Carbonate looping

4.4. Direct capture in production process

5. Shift to alternat. feed-
stock or interm. products

5.1. Shift to alternative chemical agents

5.2. Shift to alternative non-reactive inputs
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5.2.2.3. Detailed assessment

Abatement option 1. Increase of process/system efficiencies
Underlyi )

n . enying 1.1. Reduction of (non-recovered) waste energy
rationale
Technical - . .

1.1.1. More efficient machines/appliances 1.1.3. Waste heat recovery/use

approach
Applicabl Distillation, ion, th forming, tration, boiling, bi tions, other physical - . . . - .

pplicavie Istiflation, compression, thermotorming, concentration, bolling, bioreactions, other physica Distillation, compression, thermoforming, concentration, boiling, other physical procedures
processes procedures

o Fuel savings through use of more efficient heating and steam production (e.g. burners, e Fuel savings through heat recovery from among others flue gases, product streams and
boilers and insulation) motor systems [66] (see also 2.1.1. and 2.1.2.)

Description
Abatement e Depends on the specific measure and the fuel used today e Depends on the specific measure and the fuel used today (see also 2.1.1. and 2.1.2.)

potential scope 1

emissions
1 1

9 [66] 9 [66]
Technology

readiness level

® 26% (~1400 TJ p.a.) of the total energy efficiency potential in the Swiss chemical and ® 34% (~1400 TJ p.a.) of the total energy efficiency potential in the Swiss chemical and
pharmaceutical industry [66] pharmaceutical industry [66]

Status in
Switzerland

15.01.2024 31




Abatement option

2. Shift to electricity

Um.jerlymg 2.1. Prow.smn of h(?a.t and 2.3. Enabling chemical reactions with electricity
rationale cold with electricity
Technical 2.1.1. HeaF pumps and 2.1.2. Mechamca.l vapour 51.3. Electric boilers 217, Resistance furnaces 2.3.1. Electrolysis 2.3.2. Electrochemical
approach chillers recompression processes
Applicable Distillation (100 °C - 300 °C), compression (110 °C - 170 °C), thermoforming (130 °C - 160 °C), D'St'c'l)arggfe(st?:n (cl_lg(:(é _C)'
concentration (120 °C - 140 °C), boiling (80 °C - 110 °C), bioreactions (20 °C - 60 °C), other o . Chemical synthesis Chemical synthesis
processes physical procedures [53] 170 °C), thermoforming
(130 °C - 160 °C) [53]
e Heat pumps used to e Used to upgrade waste o Substitution of fossil fuel ® Substitution of fossil fuel e On-site production of hydrogen o E.g. electrochemical rather
provide heat for chemical steam [62] based heat and steam based heat provision by via electrolysis instead of steam than thermochemical
reactions or physical provision by electric resistance furnaces methane reforming which is highly synthesis of ammonia [74]
procedures using waste boilers endothermic and produces
Description heat, ambient heat from process-related CO2 emissions
the air or the ground as (water-gas shift reaction)[73] [73]
well as solar heat
produced for this purpose
e Variable — parts of the e Variable — parts of the e Variable — parts of the ® Variable — parts of the e Both energy- and process-related e Parts of the energy related
energy related emissions energy related emissions energy related emissions energy related emissions emissions emissions
Abatement ® Potential depends on o Potential depends on o Potential depends on Potential depends on
potential scope 1
o process process process process
emissions
Depending on temperature
level 9 [62][62], [87] 9 [87] 9 [87] 9 1-3[74]
Technology 953, [87]

readiness level

Status in
Switzerland

® So far only 35% of the sectors total energy demand is

provided by electricity [88]

e Today, thermal energy supply is dominated by gas,
district heating and biomass [56]
® Heat pumps not widely applied in Switzerland yet

® So far only 35% of the sectors total energy demand is provided by electricity [88]
o Today, fuel mix is dominated by electricity, gas, district heating and biomass [56]
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Abatement option

3. Shift to
alternative fuels

Underlying
rationale

3.1. Use of synthetic fuels

3.2. Use of biofuels

3.3. Use of low carbon
fossil fuels

3.4. District heating
/cooling

Technical
approach

3.1.3. Synthetic hydrogen

3.1.4. Synthetic methane

3.2.1. Solid biofuels

3.2.3. Gaseous biofuels

3.3.1. Natural gas instead of
hard coal or fuel oil

Applicable
processes

Distillation, compression, thermoformi

ng, concentration, boiling, bioreactions

Description

® Replacement of fossil fuels
by hydrogen for heat and
steam generation

o Replacement of natural gas
(~55% of thermal energy in
the chemicals industry in
2019) or industrial waste
(~28% of thermal energy)
by synthetic methane [88]

® Replacement of natural gas
(~55% of thermal energy in
the chemicals industry in
2019) or industrial waste
(~28% of thermal energy)
by solid biofuels via on-site
cogeneration plants [88]

® Replacement of natural gas
(~55% of thermal energy in
the chemicals industry in
2019) or industrial waste
(~28% of thermal energy)
by gaseous biofuels [88]

® Replacement of fuel oil
(~4% of thermal energy in
chemicals industry in 2019)
by natural gas [88]

® Replacement of local fossil
fuel based heat and steam
production by district
heating

Abatement
potential scope 1
emissions

o Full abatement of all
energy related emissions
(though associated with
changes in infrastructure
when switching from gas)

o Full abatement of all
energy related emissions

® Potential limited by the size
of the industrial site

® Potential limited to
production in cogeneration
plant. Individual gas
burners cannot be switched
to solid biomass

1

o Full abatement of all
energy related emissions

® ~25% lower CO2 emissions
for natural gas compared to
fuel oil [27]

o Full abatement of the
energy related emissions of
rather low temperature
processes

® COz emissions from
cogeneration plants
outside the industrial
production system not
taken into account in the
DECARBIN project [88]

Technology
readiness level

9

Status is
Switzerland

® 55% of thermal energy in
chemicals industry
provided by natural gas and
28% by industrial waste
(88]

o Low diffusion as not
applied in Switzerland yet

® 55% of thermal energy in
chemicals industry
provided by natural gas and
28% by industrial waste
(88]

4+ +

® 55% of thermal energy in
chemicals industry
provided by natural gas and
28% by industrial waste
[88]

4+ +

® 55% of thermal energy in
chemicals industry
provided by natural gas and
28% by industrial waste
[88]

+[+[+

® 4% of thermal energy in the
chemicals industry
provided by fuel oil [88]

+[+[+

e Potential depends on the
temperature levels needed
and the temperature levels
at which district heating
networks can provide
steam
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Abatement option

4. Carbon capture
and storage/use

Underlying
rationale

4.1. Pre-combustion

4.2. Oxyfuel combustion

4.3. Post-combustion

Technical
approach

4.3.1. Chemical
absorption

4.3.2. Membrane
separation

4.3.3. Sorption by solids

4.3.4 Calcium
looping

Applicable
processes

Distillation, compression, thermoforming, concentration, boiling, bioreactions

Description

® The CCS solutions discussed in 4.1.-4.3. for the cement industry can be similarly applied to the chemicals and pharmaceuticals industry. Compared to the cement industry, however, the flue
gases typically have lower CO; contents leading to higher specific energy demands for the regeneration. Due to in average smaller installations, economics of CCS in the ceramics industry are

expected less favourable

e Note: The applicability of CCS to the flue gas stream of different industry processes mainly depends on its CO2 concentration, temperature and the concentration of impurities [58] as well as
the availability of waste heat and the dispersion of the flue gas sources

Abatement
potential scope 1
emissions

® Typically 90% or more [36],
[37] (see chapter on
cement industry)

® Potential limited based on
flue gas concentration, avg.
installation size and
availability of waste heat

1

® Typically 90% or more [36],
[37], [38] (see chapter on
cement industry)

® Potential limited based on
flue gas concentration, avg.
installation size and
availability of waste heat

1

® Typically 90% or more [36],
[37], [38] (see chapter on
cement industry)

® Potential limited based on

flue gas concentration, avg.

installation size and
availability of waste heat

1

® Typically 90% or more [36],
[37], [38] (see chapter on
cement industry)

® Potential limited based on
flue gas concentration, avg.
installation size and
availability of waste heat

1

o Typically 90% or more [36],
[37] (see chapter on
cement industry)

e Potential limited based on
flue gas concentration, avg.
installation size and
availability of waste heat

1

o Typically 90% or more [36],
[37], [38] (see chapter on
cement industry)

e Potential limited based on
flue gas concentration, avg.
installation size and
availability of waste heat

1

Technology
readiness level

In general (not specific to
chemicals production): 9 [33]

In general (not specific to
chemicals production): 7 [36]

In general (not specific to
chemicals production): 9
[40], [39]

In general (not specific to
chemicals production): Up to
9[39]

In general (not specific to
chemicals production): Up to
9[39]

In general (not specific to
chemicals production): Up to
7 [39]

Status is
Switzerland

e Low diffusion as not
applied commercially yet

e Low diffusion as not
applied commercially yet

e Low diffusion as not
applied commercially yet

4+ +

e Low diffusion as not
applied commercially yet

4+ +

o Low diffusion as not
applied commercially yet

+[+[+

o Low diffusion as not
applied commercially yet

+[+[+
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5.3. Metals industry

5.3.1.1. Overview of processes

c) Secondary

a) Melting b) Alloying metallurgy

e) Rolling f) Electroplating g) Drawing

i) Filtering j) Washing k) Machining

Source: [89]-[91]

d) Casting

h) Annealing
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5.3.1.2. Summary of assessment
Lev?l 1 - Abatement Level 2 — Underlying rationale Level 3 — Technical approach Abatemfent Techn'ology Po’fentlal in Overall
option potential readiness Switzerland relevance
1. Increase of 1.1. Reduction of (non-recovered) waste 1.1.1. More energy-efficient machines/appliances m
process/system energy 1.1.2. Proc. innov. for energy effic. and process intensific. m
efficiencies 1.1.3. Waste heat recovery and use + |+ |+l x| % | * B
1.2. Reduction of non-energy production waste - - - -
2. Shift to electricity 2.1. Provision of heat and cold with 2.1.1. Heat pumps and chillers - - - -
electricity 2.1.2. Mechanical vapour recompression - - - -
2.1.3. Electric boilers - - - -
2.1.4. Infrared heaters - - - -
2.1.5. Microwave & radio frequency heaters - - - -
2.1.6. Induction furnaces M_
2.1.7. Resistance furnaces - - - -
2.1.8. Electric arc furnaces - - - -
2.1.9. Plasma technology m
2.1.10. Other - - - -
2.2. Provision of mechanical energy with 2.2.1. Electrification of combustion engines - - - -
electricity 2.2.2. Other - - - -

2.3. Enabling chemical reactions with electricity -

3. Shift to alternative
fuels

3.1. Use of synthetic fuels

3.1.1. Synthetic methanol -

3.1.2. Other liquid synthetic fuels -

3.1.3. Synthetic hydrogen

3.1.4. Synthetic methane

3.1.5. Other gaseous synthetic fuels -

3.2. Use of biofuels

3.2.1. Solid biofuels -

3.2.2. Liquid biofuels -

3.2.3. Gaseous biofuels

3.3. Use of lower carbon fossil fuels

3.3.1. Natural gas instead of hard coal or fuel oil -

3.3.2. Other -

3.4. Use of district heating/cooling

4. Carbon capture and
storage/use

4.1. Pre-combustion

4.2. Oxyfuel combustion

4.3. Post-combustion

4.3.1. Chemical absorption

4.3.2. Membrane separation

4.3.3. Sorption by solids

000000

4.3.4. Carbonate looping

4.4. Direct capture in production process

5. Shift to alternat. feed-
stock or interm. products

5.1. Shift to alternative chemical agents

5.2. Shift to alternative non-reactive inputs
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5.3.1.3. Detailed assessment
Abatement option 1. Increase of process/system efficiencies
Unclierlymg 1.1. Reduction of (non-recovered) waste energy
rationale
Technical 1.1.1. More efficient machines/appliances 1.1.2. Process mnovatl.on for.ejner.gy efficiency and process 1.1.3. Waste heat recovery/use
approach intensification
Applicable . . . - . . . . . - .
Melting, casting, rolling, machining (selection) Casting Melting, casting, rolling, machining (selection)
processes
o A number of efficiency measures could potentially lower e Near net shape casting allows saving energy associated o A number of efficiency measures could potentially lower
the electricity and fuel demand in Swiss facilities, e.g. with reheating and rolling of the metal, one example being the electricity and fuel demand in Swiss facilities, e.g.
improved kilns, furnaces and burners [89] strip casting where the metal is cast into a thin strip, recuperative burners, scrap preheating [89]
eliminating the need for rolling [89]
Description
o Depends on type of measure and the baseline technology e Depends on the current energy demand associated with e Depends on type of measure and the baseline technology

used reheating and rolling used
Abatement ® In a comparison with secondary steel facilities in other * In a comparison with secondary steel facilities in other
potential scope 1 European countries, the Swiss metals sector is relatively European countries, the Swiss metals sector is relatively
emissions energy efficient [89] energy efficient [89]

1 1 1
9[89] 989 9 [89]

Technology

readiness level

Status in
Switzerland

o Low diffusion as often not applied in Switzerland
o Depends on type of measure
o No information available for some measures

o Low diffusion as not applied in Switzerland yet [89]

o Depends on type of measure
® No information available for some measures

+ [+
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Abatement option

2. Shift to electricity

Underlying 2.1. Provision of heat and
rationale cold with electricity
Technical 2.1.6. Induction furnace 2.1.9. Plasma technology
approach
Applicable
pp Melting Melting, annealing (selection)
processes
e Replacement of coal-based cupola furnaces by induction furnaces in foundries [89] e Plasma torches could replace fossil fuel burners at different production steps in the metals

industry
Description
Abatement o All energy-related emissions of respective processes possible o Large parts of the energy-related emissions
potential scope 1
emissions

2 [16], [17]
9 [89] . ; ) . ;

Technology Plasma torches in general are commercially available but not used in the metals industry

readiness level

Status in
Switzerland

® Ca. 75% of the 14 Swiss iron foundries already use induction furnaces [27]

4+

e Not applied commercially (see TRL)

+[+[+
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3. Shift to

Abatement option alternative fuels
Unclierlymg 3.1. Use of synthetic fuels 3.2. Use of biofuels
rationale
Technical . . .
3.1.3. Synthetic hydrogen 3.1.4. Synthetic methane 3.2.3. Gaseous biofuels

approach
Applicable . . . . . . . . .
processes Melting, annealing (selection) Melting, annealing (selection) Melting, annealing (selection)

e Hydrogen could replace fossil fuels in burners at different o Synthetic methane could replace fossil fuels in burners at e Gaseous biofuels could replace fossil fuels in burners at

production steps in the metals industry different production steps in the metals industry different production steps in the metals industry

Description

o All energy-related emissions going back to burners o All energy-related emissions going back to burners o All energy-related emissions going back to burners
Abatement
potential scope 1
emissions

9 (though not demonstrated for metals production) 9 9

Technology

readiness level

Status is
Switzerland

o Low diffusion as not applied in Switzerland yet
e Today, fuel mix is dominated by electricity, gas and coal [56]

+[+[+

|+ +[+

4+ +
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4. Carbon capture

Abatement option and storage/use
Underlying ) . .
) 4.1. Pre-combustion 4.2. Oxyfuel combustion 4.3. Post-combustion
rationale
Technical 4.3.1. Chemical absorption 4.3.2. Membrane separation 4.3.3. Sorption by solids 434 Cz?luum
approach looping
Applicable . . . . . . . . . . . . . . . . . .
processes Melting, annealing (selection) | Melting, annealing (selection) | Melting, annealing (selection) | Melting, annealing (selection) | Melting, annealing (selection) | Melting, annealing (selection)
e The CCS solutions discussed in 4.1.-4.3. for the cement industry can be similarly applied to the metals industry. Compared to the cement industry, however, the flue gases have lower CO2
contents leading to higher specific energy demands for the regeneration. As for the cement industry, low-temperature waste energy is available for recovery. Due to in average smaller
installations, economics of CCS in the metals industry are expected less favourable
e Note: The applicability of CCS to the flue gas stream of different industry processes mainly depends on its CO2 concentration, temperature and the concentration of impurities [58] as well as
Description the availability of waste heat and the dispersion of the flue gas sources
e Typically 90% or more [36], [37], [38] (see chapter on cement industry)
Abatement o Potential limited based on flue gas concentration and avg. installation size
potential scope 1
emissions
1 1 1 1 1 1
In general (not specific to In general (not specific to In general (not §peC|f|c to In general (not.speuflc to In general (not.speaflc to In general (not.speaflc to
metals production): 9 [33] metals production): 7 [36] metals production): 9 [39], metals production): Up to 9 metals production): Up to 9 metals production): Up to 7
Technology P ' P ‘ [40] [39] [39] [39]

readiness level

Status is
Switzerland

e Low diffusion as not
applied in Switzerland yet

e Low diffusion as not
applied in Switzerland yet

e Low diffusion as not
applied in Switzerland yet

e Low diffusion as not
applied in Switzerland yet

o Low diffusion as not
applied in Switzerland yet

o Low diffusion as not
applied in Switzerland yet
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5.4. Food and beverages industry

54.1.1. Overview of processes

d) Product e) Heat
processing processing

b) Size reduction,

a) Preparation c) Separation

mixing and forming

g) Processing by h) Post-processing i) Utility

f) Concentration el Gl heer by operations processes

Sub-processes:

a) Preparation d) Product processing technology i) Utility processes
a. Sorting/screening, grading, dehulling, a. Soaking a. Cleaning and disinfection
destemming/destalking and trimming b. Dissolving b. Energy generation and consumption
b. Peeling c.  Solubilisation/alkalising c.  Water treatment
c.  Washing d. Fermentation d. Vacuum generation
d. Thawing e. Coagulation e. Refrigeration
b)  Size reduction, mixing and forming e) Heat processing f.  Compressed air generation
a. Cutting, slicing, chopping, mincing, a. Melting
pulping and pressing b.  Blanching
b.  Mixing/blending, homogenisation and c. Cooking and boiling
conching d. Baking
c.  Grinding/milling and crushing e. Roasting
d. Forming/moulding and extruding f.  Frying
c) Separation techniques g. Tempering
a. Extraction h. Pasteurisation, sterilisation and UHT
b. Deionisation processing
c. Fining f)  Concentration by heat
d. Centrifugation and sedimentation a. Evaporation
e. Filtration b. Drying
f.  Membrane separation c. Dehydration
g. Crystallisation g) Processing by removal of heat
h.  Removal of free fatty acids by a. Cooling, chilling and cold stabilisation
neutralisation b. Freezing
i.  Bleaching c. Freeze-drying/lyophilisation
j-  Deodorisation by stream stripping h)  Post-processing by operations
k.  Decolourisation a. Packing and filling
I.  Distillation b. Gas flushing and storage under gas

Source: [92], [93]
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54.1.2.

Summary of assessment

Level 1 — Abatement . . . Abatement  Technology Potential in Overall

. Level 2 — Underlying rationale Level 3 — Technical approach . . .
option potential readiness Switzerland relevance
1. Increase of 1.1. Reduction of (non-recovered) waste 1.1.1. More energy-efficient machines/appliances M_
process/system energy 1.1.2. Proc. innov. for energy effic. and process intensific. m_
efficiencies 1.1.3. Waste heat recovery and use DD |+ |+ |+ Il X | x| * B

1.2. Reduction of non-energy production waste

2. Shift to electricity

2.1.

Provision of heat and cold with

electricity

2.1.1. Heat pumps and chillers m
2.1.2. Mechanical vapour recompression m
2.1.3. Electric boilers 2 2 2 m_
2.1.4. Infrared heaters 2 2 2 m_
2.1.5. Microwave & radio frequency heaters 2 2 2 m_
2.1.6. Induction furnaces 2 2 2 m_
2.1.7. Resistance furnaces 2 2 2 m_

2.1.8.

Electric arc furnaces

2.1.9.

Plasma technology

2.1.10. Other

2.2.

Provision of mechanical energy with

electricity

2.2.1.

Electrification of combustion engines

2.2.2.

Other

2.3. Enabling chemical reactions with electricity

3. Shift to alternative
fuels

3.1.

Use of synthetic fuels

3.1.1.

Synthetic methanol

3.1.2.

Other liquid synthetic fuels

3.1.3.

Synthetic hydrogen

3.14.

Synthetic methane

3.1.5.

Other gaseous synthetic fuels

3.2.

Use of biofuels

3.2.1.

Solid biofuels

3.2.2.

Liquid biofuels

3.2.3.

Gaseous biofuels

33

. Use of lower carbon fossil fuels

3.3.1.

Natural gas instead of hard coal or fuel oil

g .

3.3.2. Other
3.4. Use of district heating/cooling
4. Carbon capture and 4.1. Pre-combustion S| D
storage/use 4.2. Oxyfuel combustion D\ D
4.3. Post-combustion 4.3.1. Chemical absorption

4.3.2.

Membrane separation

‘—a ‘—b
‘—a ‘—b

4.3.3.

Sorption by solids

4.3.4.

Carbonate looping

4.4.

Direct capture in production process

! ‘—9 ‘—e
‘—9 ‘—e

5. Shift to alternat. feed-
stock or interm. products

5.1

Shift to alternative chemical agents

5.2.

Shift to alternative non-reactive inputs
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54.1.3.

Detailed assessment

Abatement option

1. Increase of process/system efficiencies

Underlying rationale

1.1. Reduction of (non-recovered) waste energy

Technical approach

1.1.1. More efficient machines/appliances

1.1.2. Process innovation for energy efficiency and process
intensification

1.1.3. Waste heat recovery/use

Applicable Heat processing, concentration by he?t, processing Pasteurization, drying (selection) Heat processin.g, utility processes Ii.ke compressed
processes by removal of heat (selection) air generation (selection)
o Potential for energy efficiency measures exist leading to ® Pulse electric field (PEF) processing can reduce the energy e Waste heat from different process equipment and flue
Descrintion either fuel or electricity savings [93] demand for pasteurization gases is recovered
P o Examples: Insulation of various process equipment (e.g. e Reduced energy demand in subsequent processing steps
ovens) [93] (e.g. cutting, drying, evaporation) [94]
® Relative energy saving potential varies by measure o Efficiency improvements compared to thermal processes ® Relative energy saving potential varies by measure
between 1% (e.g. replacing steam humidifier with air « Additional abatement potential by reduction of waste
Abatement e o ) )
. humidifier) and 40% (e.g. replacing steam ejectors by
potential scope 1
o vacuum pumps) [93]
emissions
1 1 1 1
9[93 9[94 9[93
Technology 1551 [54] (53]

readiness level

Status in
Switzerland

o Diffusion varies by measure between 30% (e.g. installing
more efficient motors ) and 99% (e.g. replacing steam
humidifier with air humidifier) [93]

+[+[+

o Low diffusion as not applied in Switzerland yet [93]

o Diffusion varies by measure between 31% (e.g. waste heat
recovery from compressor) and 35% (e.g. waste heat
recovery from process equipment) [93]

+[+H[+
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Abatement option

2. Shift to electricity

Underlying
rationale

2.1. Provision of heat and
cold with electricity

Technical approach

2.1.1. Heat pumps
and chillers

2.1.2. Mechanical
vapour recompression

2.1.3. Electric
boilers

2.1.4. Infrared
heaters

2.1.5. Microwave &
radio frequency heaters

2.1.6. Induction
furnaces

2.1.7. Resistance
furnaces

2.1.10. Other

Heat processing,

Heat processing,

Heat processing,

Applicable concentration by heat | concentration by heat | concentration by heat Roaéting, dryir?g, Evaporation., drying Heat proc?ssing Roaéting, dryir?g, Pasteurizatiop, drying
processes : : R baking (selection) (selection) (selection) baking (selection) (selection)
(selection) (selection) (selection)
® Provision of heat ® Recovery of waste o Electricity based o Indirect heating of e Interaction of o Heating of food e Heating of food ® Pulse electric field
via (high heat to heat up steam and hot treated food’s electromagnetic via metal pipes or via convection and (PEF) processing
temperature) heat steam [93], [97], water production surface by waves with vessels which are radiation as done can replace
pumps [53], [93], [87] electrically molecules heats heated through in standard certain thermal
[95], [96], [97] produced infrared the treated food magnetic fields household ovens processing steps
Description radiation from the inside produced via coils (e.g.
pasteurization);
see also 1.1.2 [94]
e Significant e Significant o Significant o Significant o Significant o Significant e Significant o Efficiency
potential through potential through potential through potential through potential through potential through potential through improvements
replacement of replacement of replacement of replacement of replacement of replacement of replacement of compared to
Relative fossil fuel based fossil fuel based fossil fuel based fossil fuel based fossil fuel based fossil fuel based fossil fuel based thermal processes
abatement processes processes processes processes processes processes processes o Additional
potential scope 1 abatement
emissions potential by
reduction of waste
Depending on Depending on
temperature level temperature level 9 [87] 9[97], [87] 9[93], [97], [87] 9[97] 9[97] 9 [94]
Technology

readiness level

9 [53]

9[93], [87]

Status in
Switzerland

o Low diffusion
(depending on
temperature level)
[93]

+[+[+

o Low diffusion as
no widespread
use in Switzerland
yet

* No information
available

HHE

* No information
available

* No information
available

20202 | [2]2]2

o No information
available

HEE

o No information
available

2[2 12

o Low diffusion as
not applied in
Switzerland yet
[93]
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Abatement

3. Shift to

option alternative fuels
Unclierlymg 3.1. Use of synthetic fuels 32 Use of biofuels 3.3. Use of lower carbon fossil | 3.4. District heating/cooling
rationale fuels
Technical . . S .
3.1.3. Synthetic hydrogen 3.1.4. Synthetic methane 3.2.1. Solid biofuels 3.2.3. Gaseous biofuels 3.3.2. Other
approach
Applicable Heat processing like cooling Heat processing like cooling Heat processing like cooling Heat processing like cooling Heat processing like cooling Heat processing like cooling
processes and baking (selection) and baking (selection) and baking (selection) and baking (selection) and baking (selection) and baking (selection)
® Replacement of fossil fuels ® Replacement of fossil fuels ® Replacement of fossil fuels o Replacement of fossil fuels o Replacement of light fuel o Replacement of local fossil
. (as e.g. natural gas or fuel (as e.g. natural gas or fuel (as e.g. natural gas or fuel (as e.g. natural gas or fuel oil by natural gas fuel based heat and steam
Description R R . . [ . . ) .
oil) by hydrogen oil) by synthetic methane oil) by solid biofuels oil) by gaseous biofuels production by district
heating
o Significant potential o Significant potential o Significant potential o Significant potential o Significant potential o Full abatement of the
through replacement of through replacement of through replacement of through replacement of through replacement of energy related emissions of
fossil fuel based processes fossil fuel based processes fossil fuel based processes fossil fuel based processes fossil fuel based processes rather low temperature
processes
e CO; emissions from
Abatement .
ial cogeneration plants
poter.rth scope outside the industrial
1 emissions i
production system not
taken into account in the
DECARBIN project [88]
1 4
Technology 9 9 9 9
readiness
level
o Low diffusion as no widespread use in Switzerland yet ® Potential depends on the
o Today, fuel mix is dominated by electricity, gas and fuel oil [56] temperature levels needed
and the temperature levels
Status is at which district heating

Switzerland

++H[+

networks can provide
steam

+ [+
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4. Carbon capture

Abatement option and storage/use
Underlying ) . .
) 4.1. Pre-combustion 4.2. Oxyfuel combustion 4.3. Post-combustion

rationale
Technical 4.3.1. Chemical absorption 4.3.2. Membrane separation 4.3.3. Sorption by solids 434 Cz?luum
approach looping
Applicable Heat processing, Heat processing, Heat processing, Heat processing, Heat processing, Heat processing,
processes concentration by heat concentration by heat concentration by heat concentration by heat concentration by heat concentration by heat

® The CCS solutions discussed in 4.1.-4.3. for the cement industry can be similarly applied to the food and beverages industry. Compared to the cement industry, however, the flue gases have

lower CO2 contents leading to higher specific energy demands for the regeneration. Due to in average smaller installations (more than 200 sites contribute to the sector’s emissions),
economics of CCS in the food and beverages industry are expected less favourable

e Note: The applicability of CCS to the flue gas stream of different industry processes mainly depends on its CO2 concentration, temperature and the concentration of impurities [58] as well as
Description the availability of waste heat and the dispersion of the flue gas sources

e Typically 90% or more [36], [37], [38] (see chapter on cement industry)
Abatement e Potential limited based on flue gas concentration, avg. installation size and availability of waste heat
potential scope 1
emissions

1 1 1 1 1 1 1 1 4 1 4 1
In general (not specific to food | In general (not specific to food | In general (not specific to food | In general (not specific to food | In general (not specific to food | In general (not specific to food

Technology production): 9 [33] production): 7 [36] production): 9 [40], [39] production): Up to 9 [39] production): Up to 9 [39] production): Up to 7 [39]

readiness level

Status is
Switzerland

o Low diffusion as not
applied in Switzerland yet

o Low diffusion as not
applied in Switzerland yet

o Low diffusion as not
applied in Switzerland yet

+[++

o Low diffusion as not
applied in Switzerland yet

+[+[+

o Low diffusion as not
applied in Switzerland yet

L+ [+ ]+

o Low diffusion as not
applied in Switzerland yet

+[+]+]
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6. Overall relevance ratings per abatement option

6.1. Level 3 — Technical approach

Level 1 — Abatement Minerals: Minerals: Chemicals: Chemicals: Food &

. Level 2 — Underlying rationale Level 3 — Technical approach . . Metals
option ving PP Cement Ceramics Olefins Other Bev.
1. Increase of 1.1. Reduction of (non-recovered) waste 1.1.1. More energy-efficient machines/appliances mm
process/system energy 1.1.2. Proc. innov. for energy effic. and process intensific. -—m
efficiencies

1.1.3. Waste heat recovery and use

1.2. Reduction of non-energy production waste

2. Shift to electricity

2.1. Provision of heat and cold with
electricity

2.1.1. Heat pumps and chillers

2.1.2. Mechanical vapour recompression

2.1.3. Electric boilers

2.1.4. Infrared heaters

2.1.5. Microwave & radio frequency heaters

2.1.6. Induction furnaces

2.1.7. Resistance furnaces

2.1.8. Electric arc furnaces

2.1.9. Plasma technology

2.1.10. Other

2.2. Provision of mechanical energy with
electricity

2.2.1. Electrification of combustion engines

2.2.2. Other

2.3. Enabling chemical reactions with electricity

3. Shift to alternative
fuels

3.1. Use of synthetic fuels

3.1.1. Synthetic methanol

3.1.2. Other liquid synthetic fuels

3.1.3. Synthetic hydrogen

3.1.4. Synthetic methane

3.1.5. Other gaseous synthetic fuels

3.2. Use of biofuels

3.2.1. Solid biofuels

3.2.2. Liquid biofuels

3.2.3. Gaseous biofuels

3.3. Use of lower carbon fossil fuels

3.3.1. Natural gas instead of hard coal or fuel oil

3.3.2. Other

3.4. Use of district heating/cooling

4. Carbon capture and
storage/use

4.1. Pre-combustion

4.2. Oxyfuel combustion

4.3. Post-combustion

4.3.1. Chemical absorption

4.3.2. Membrane separation

4.3.3. Sorption by solids

4.3.4. Carbonate looping

4.4. Direct capture in production process

5. Shift to alternat. feed-
stock or interm. products

5.1. Shift to alternative chemical agents

5.2. Shift to alternative non-reactive inputs
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6.2. Level 2 — Underlying rationale’

Level 1 — Abatement Level 2 — Underlying rationale Minerals: Minerals: Chemicals: Chemicals: Metals Food &
option Cement  Ceramics Olefins Other Bev.
1. Increase of process/ 1.1. Reduction of (non-recovered) waste energy

system efficiencies 1.2. Reduction of non-energy production waste - - - - - -

2. Shift to electricity 2.1. Provision of heat and cold with electricity mm
2.2. Provision of mechanical energy with electricity - - - - -
2.3. Enabling chemical reactions with electricity m - -
3. Shift to alternative fuels 3.1. Use of synthetic fuels mm
3.2. Use of biofuels EEGY BN - EENEY ENENEY ENENRN
3.3. Use of lower carbon fossil fuels - - -
3.4. Use of district heating/cooling - - - m
4. Carbon capture and 4.1. Pre-combustion mm
storage/use 4.2. Oxyfuel combustion mm
4.3 Post-combustion R BT ERWY ERGY KGN BT
4.4, Direct capture in production process - - - - -
5. Shift to alternat. feed- 5.1. Shift to alternative chemical agents m - - -
stock or interm. products 5.2. Shift to alternative non-reactive inputs [ | [ [ ¢ | | & |k [ ] - - -

6.3. Level 1 — Abatement option®

Level 1 — Abatement Minerals: Minerals: Chemicals: Chemicals: Food &
. R " Metals
option Cement  Ceramics Olefins Other Bev

1. Increase of process/

system efficiencies

2. shift to electricity
3.Shiftto alternative fuels  pghoged bodbdbd BdbAbd EMRMEN E4E4Pd RIEdPN
. Carbon capture and

storage/use

5. Shift to alternat. feed- ) i .

stock or interm. products

7 Level 2 score was aggregated by taking the average of the Level 3 scores

8 Level 1 score was aggregated by taking the average of the Level 2 scores
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These bottom-up derived score per abatement option in the following were validated and adjusted based on expert interviews, leading to slightly different
results (cf. Section 6.4).

6.4. Level 1 — Abatement option (triangulated in interviews)

Level 1 — Abatement Minerals: Minerals: Chemicals: Chemicals: Metals Food &
option Cement  Ceramics Olefins Other Bev.

1. Increase of process/

system efficiencies

2. shift to electricity
3.Shift toalternative fuels  EJRgbd Lbdbd Bbdbd EAbdbd Edbdbd E4EMRd
o Carbon capture and

storage/use

5. Shift to alternat. feed- ) i )

stock or interm. products
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