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EXecutive summary

1. Die vielfaltigen Verwendungsmoglichkeiten von
Kohlenstoff aus der Pyrolyse von Methan

CO,-freier bzw. mit geringem CO,-FuBabdruck hergestellter Wasserstoff wird in einem
zuklnftigen Energiesystem, das ausschlieBlich auf erneuerbaren Quellen beruht, eine
zentrale Rolle einnehmen. Wasserstoff ermoglicht die Kopplung der Sektoren Strom,
Gas und Wirme, die Speicherung von erneuerbarer Uberschussenergie und liefert
einen wichtigen Beitrag fur eine klimaneutrale Mobilitdt sowie Industrieproduktion.
Derzeit wird Wasserstoff unter Freisetzung von CO, tberwiegend durch Dampfrefor-
mierung von Erdgas hergestellt und vor allem in der chemischen und der petrochemi-
schen Industrie eingesetzt. Wiirde man die in Zukunft bendtigte Menge an Wasserstoff
ausschlieBlich Gber Wasserelektrolyse herstellen, so waren allein fir Europa mehrere
Tausend TWh an elektrischer Energie aus erneuerbaren Quellen notwendig.

Eine der moglichen alternativen Produktionsrouten fiir erneuerbaren Wasserstoff
ist die Methanpyrolyse. Gegenliber anderen, alternativen Erzeugungswegen weist die
Methanpyrolyse bei einer sehr hohen Wasserstoffausbeute den geringsten Energie-
aufwand (weniger als ein Viertel der Wasserelektrolyse) auf. Damit ist Wasserstoff aus
der Pyrolyse von Methan im Hinblick auf den durch den Energieaufwand verursachten
Umweltimpakt allen anderen Prozessrouten deutlich tberlegen.

Da bei der Methanpyrolyse fester Kohlenstoff als Nebenprodukt erzeugt wird, ist der
produzierte Wasserstoff CO,-frei. Je Kilogramm Wasserstoff werden dabei gleichzeitig
etwa drei Kilogramm an festem Kohlenstoff hergestellt - im Sinne einer vollstandigen
Ressourcennutzung kommt der nachhaltigen Verwendung dieses elementaren Kohlen-
stoffs eine wichtige Bedeutung zu. Die an der Montanuniversitdt Leoben durchgefiihr-
ten wissenschaftlichen Untersuchungen bestdtigen eine Korrelation der auftretenden
Kohlenstoffmorphologie und des Pyrolyseprozesses bzw. dem verwendeten Katalysa-
tormaterial. Somit besteht die Moglichkeit die Qualitdt des produzierten Kohlenstoffs
hinsichtlich seiner Modifikation und Korngrof3e im Hinblick auf anwendungsspezifische
technische Spezifikationen gezielt einzustellen®.

1 Der Kohlenstoff kann je nach vorliegender Modifikation (Grafit, Graphen, Ruf§, Kohlenst-
offréhrchen, turbostratischer Kohlenstoff, ...) und Reinheit unterschiedlichen Verwendungen
zugefihrt werden. Moglichkeiten dazu sind einerseits die Nutzung in High-Tech Anwendungen
wie Carbon Nanotubes, Hochleistungswerkstoffe, Superkondensatoren oder micro-pordsen
Kohlenstofftanks zur energieeffizienten Wasserstoffspeicherung und andererseits als Rohstoff
in Gummi- und Kunststoffprodukte sowie der Asphalt- und Feuerfestindustrie, als Additiv in
Schmiermitteln, GieBpulvern und Elektrodenmaterial fiir die metallurgische Industrie und als
Ausgangsmaterial fur Batterien und Speichersysteme fiir elektrische Energie.
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Da bei der Produktion von Wasserstoff aus Methan je Kilogramm Wasserstoff gleich-
zeitig etwa drei Kilogramm an festem Kohlenstoff hergestellt werden, kommt speziell
groBvolumigen Anwendungen von Kohlenstoff eine besondere Bedeutung zu. Einer-
seits kann der Kohlenstoff in der Baustoffindustrie als Zusatzstoff in Isolationsmateri-
alien sowie in konstruktiven Baustoffen zur gezielten Beeinflussung der physikalischen
Eigenschaften eingesetzt werden. Die Technische Universitdt Graz hat sich dazu be-
fasst und erste Erkenntnisse lGber den Einsatz von festem Kohlenstoff in Baumateri-
alien erhoben. Dartber hinaus kann der Kohlenstoff auch als Bodenhilfsstoff in der
Landwirtschaft angewendet werden, wobei hier insbesondere positive Effekte auf die
Nahrstoff- und Wasserspeicherkapazitat des Bodens, ein gezielter Aufbau von Humus
sowie ein positiver Beitrag auf klimaschadliche Bodenemissionen moglich sind. Da-
riber hinaus kann der Kohlenstoff auch als Additiv in der Kompostierung und bei der
Herstellung von organischen Diingerpellets eingesetzt werden. Fir einen moglichen
Einsatz von Kohlenstoff in der Landwirtschaft ist eine entsprechende Reinheit des Koh-
lenstoffes maligeblich. Durch die moglichen positiven 6kologischen Effekte sind diese
Anwendungen aber von besonderem Interesse. Hierzu hat die BOKU intensive Recher-
chen vorgenommen und vielversprechende Ergebnisse zur Anwendung von festem
Kohlenstoff in der Landwirtschaft hervorgebracht.

Vor allem bei groBvolumigen Anwendungen von Kohlenstoff ist davon auszugehen,
dass im Hinblick auf die Vermarktung des Kohlenstoffs eine weitere Verarbeitung nur
mit geringem Kosteneinsatz durchgefiihrt werden kann. Im Idealfall kann der bei der
Pyrolyse von Methan entstehende Kohlenstoff ohne technologisch aufwandige Prozes-
se als Produkt verwendet werden. Daraus folgt, dass im Hinblick auf die Entwicklung
der Pyrolysetechnologie sowie fir die zukiinftige Umsetzung in groRtechnischen Anla-
gen ein wesentlicher Fokus auf die Wahl der Prozessroute der Pyrolyse sowie die Be-
stimmung der maligeblichen Prozessparameter gelegt werden muss. Dariliber hinaus
muss gleichzeitig die 6konomische und 6kologische Bewertung maéglicher Anwen-
dungsoptionen fir Wasserstoff und Kohlenstoff im Sinne einer nachhaltigen Techno-
logieentwicklung betrachtet werden. Eine moglichst vollstandige Nutzung aller bei der
Pyrolyse entstehender Stoff- und Energiestrome darf dabei nicht auBer Acht gelassen
werden. Eine volkswirtschaftliche Betrachtung des Einsatzes von Kohlenstoff aus der
Methanpyrolyse hat die Universitdt Graz gemacht, um Verdrangungseffekte, geopoli-
tische Abhangigkeiten und Marktsituationen zu verstehen.
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Figure 8: Geographical origin of the papers constituting the final sample of the SLR

The information contained in these papers could additionally allow for a more detailed
analysis of the three different uses of char in the building sector, which were previously
identified. As already highlighted in Figure 7, the most investigated application of char
is its use as a filler in concrete and cement. This seems to be possible with the current
technology. The main advantages of this application are, according to the literature,
the following:

Increased water tightness (Ahmad et al., 2020; Muthukrishnan et al, 2019;
Ofori-Boadu et al., 2018).

Improved CO, capture ability (Liu et al., 2020; Praneeth et al., 2020; Gupta &
Kua, 2017).

Better surface crack-sealing of concrete, especially in combination with other
additives such as bacteria (Kua et al., 2019; Gupta et al., 2018).

Improved conducting properties, allowing for electrical conduction monitor-
ing (Kamaluddin et al., 2020).

As for the disadvantages, they can be described as follows:

Increase in unpredictability of the mechanical properties (Praneeth et al.,
2020; Cosentino et al., 2018).

Uncertainty about the long-term durability properties (Praneeth et al., 2020;
Gupta & Kua, 2017).

High variability of these parameters depending on the source of char (pyroly-
sis parameters) and the incorporation amount (Ahmad et al., 2020).

Low char incorporation potential: up to 20 % observed (Ofori-Boadu et al.,
2018) but most studies are between 2—7 % (per weight of cement).
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A second application of char in the construction industry is the manufacturing of ma-
sonry blocks, or char bricks, in which char is used to replace sand. Although uncer-
tainties remain about the technological readiness level of this application, the main
identified advantages are the following:

e Higher possible proportion of char, up to 50 % inclusion observed (per weight
of sand) (Jiang et al., 2019).

e Decreased thermal conductivity (Lee et al., 2019; Yang et al., 2019; Jiang et
al., 2019).

e Reduced costs, up to 18 % (Jiang et al., 2019).

e Reduced density (Vezzali et al., 2018; Halloran & Guerra, 2011; Jiang et al.,
2019).

The main disadvantage of this utilization of the char is the observed trade-off between
the thermal and mechanical properties: the higher the amount of char, the lower the
compressive strength of the brick, but the higher its thermal resistance; the incorpo-
rated amount of char should, therefore, reflect the intended use of the block (Yang et
al., 2019; Jiang et al., 2019).

The final identified application of char was its use for heat-insulating materials. The col-
lected studies only focused on the incorporation of char in plasters and coatings, as a
replacement of the sand usually used. This application is mostly at an early technolog-
ical readiness level, and confers the following advantages, according to the collected
studies:

e Higher possible amounts of char, up to 60 % inclusion observed (per weight of
sand) (Jiang et al., 2019).

e Regulates indoor humidity and temperature (Kondo et al., 2012; Ryms et al.,
2020; Jiang et al., 2019).

e Reduced costs, up to 10 % (Jiang et al., 2019).
e Low thermal conductivity (Jiang et al., 2019).

The main disadvantage is that these applications do not seem to be able to replace
traditional insulation materials, but are more of a complementary solution, with ad-
ditional indoor benefits (Kondo et al., 2012; Ryms et al., 2020; Jiang et al., 2019). This
will, however, be further investigated in the life cycle assessment (LCA) calculations.

As a conclusion of this section, Figure 9 summarizes the proportion of char incorporat-
ed in construction materials, according to the SLR results. For concrete and cement,
the relative percentage is calculated by weight of cement. For masonry blocks and
insulation materials (coating and plasters), it is calculated per weight of sand. As previ-
ously mentioned, concrete and cement mostly have comparatively low incorporation
potentials of char. Regarding masonry blocks, the proportion can be quite high or rel-
atively low, depending on the needed mechanical properties of the bricks, hence the
observed extended range of values. As for coatings and plasters, which do not need
necessarily any specific strengths, the incorporation of char can be higher.



One must pay attention to the fact that, on the one hand, these percentages are ex-
pressed per mass of a constituent of the different materials, which differs per material
(cement or sand), which means that the actual absolute values can be quite different;
if there is way more cement in 1 kg of concrete than there is sand in 1 kg of brick, then
a 5% incorporation in concrete can lead to a higher absolute value than a 15 % incor-
poration in bricks. The available data in the articles did, unfortunately, not allow for a
harmonization of the percentage which could have led to clearer conclusions. On the
other hand, the quantity in which these materials are used in a building is also an inter-
esting factor; concrete is, for example, used in larger quantities than plaster, which can
compensate for these low incorporation rates. Based on these results, further LCA cal-
culations are carried out in the next sections.

Amount of char incorporated in construction materials, according to the literature

Concrete/cement

Masonry blocks

Coatings/Plasters

Figure 9: Proportion of char incorporated in construction materials, based on the SLR results

62 Data gathering from industries and experts

Considering the identified research gap and the scarcity of the studies investigating the
use of solid carbon in the building industry, it seemed relevant to contact industries
or experts in the field. To stay in line with the SLR results, we contacted the Ithaka
institute?, known for its expertise in production, post-production treatment, and use
of biochar, and who developed numerous biochar-based products, including biochar
plasters, bricks and concrete (Schmidt, 2008).

We contacted the head of the institute via e-mail, to get to know more about the
thermal properties of these materials in relationship to the incorporated amount of
2 https://www.ithaka-institut.org/
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biochar, as well as the incorporation limits. We were informed that the product ob-
tained from the methane pyrolysis process “would certainly qualify as Carbon Black
which is a standard material in concrete and composite materials. However, it will be
quite different from the biochar we tested in several building materials.” We could not
obtain more information about the mechanical or thermal properties of materials in-
corporating this black carbon. Indeed, due to the “small aromatic structure” of the car-
bon, the physical properties would be quite different from the biochar that they tested
which makes it difficult to predict. Specific tests and measures should be conducted on
materials incorporating this particular solid carbon. It is, however, “very likely that it
decreases the thermal conductivity” of the materials. Additionally, we were told that
“when you need to maintain the same strength or becoming better, you should stick to
less than 3 % biochar (w/w) in the concrete. If you use it as filler bricks, you can go up
to replacing all sand by biochar.” This statement is in accordance with the incorporation
amounts which were observed in the literature (Figure 9).

We then expanded the scope of our research to investigate if other technologies used
solid carbon in construction materials. We came across a range of companies using car-
bon fibers to manufacture construction materials. We first contacted a representative
of Technocarbon?, a start-up which develops composite construction materials made
of stones (granite or basalt) and carbon fibers. He could not share with us any techni-
cal details, as they were confidential. He, however, provided us with some data which
allowed for rough LCA calculations, which are presented in the next section. Regarding
the possibility to transform our solid carbon into fibers, he told us that he does not
think such a process exist or is being developed; it is, according to him, also a research
gap. We later contacted a representative of CleanCarbon-Technology*, which develops
a similar technology to Technocarbon, incorporating carbon fibers into stone-compos-
ites. He informed us of another interesting manner to use the black carbon: in a wall
composed of two layers of their stone/carbon composite plates, they would, in be-
tween, pour black carbon mixed in PUR foam, as an insulation material. He assumes
that it’s possible to “store 2kg of carbon black within m*® of PUR-foam without doing
harm to the mechanical properties of the foam.” The limitation is, that this application
would only be a way to store the solid carbon, but it wouldn’t necessarily improve the
thermal properties of the foam. The CleanCarbon-Technology representative believes
that the carbon would be advantageous for the insulation properties, but this needs to
be further investigated, as he has no evidence of it at the moment.

Still looking into the use of carbon fibers, we came across the manufacturing of rein-
forcing bars made out of carbon fibers, which are aimed at replacing traditional steel
rebars. We contacted a researcher at TU Dresden and representative of the board of
the C3 network®, a project investigating carbon reinforced concrete. He also directly
raised concern about the fact that we would not be able to produce fibers. According
to him, without directly having fibers, we would not be able to use the product for this
application, and the discussion did not go further. By looking into the network of the
project, we later found technical product sheets from Solidian®, a company manufac-

3 https://tctf.eu/en/

4 https://cleancarbon.technology/

5 https://www.bauen-neu-denken.de/en/
6 https://solidian.com/
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turing carbon fiber rebars. Based on this datasheet, first LCA calculations could be per-
formed and are presented in the next section (assuming, still, that we would be able to
have fibers).
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A final identified use of the carbon fibers is the manufacturing of a textile reinforce-
ment for concrete, instead of traditional rebars. Based on the concerns raised regard-
ing the transformation of the carbon powder into fibers, this path was not further
explored. After consulting with Mr. Robert Obenaus-Emler and looking into Paris &
Peterlik (2009), regarding the transformation of powdery carbon into other structures,
the conclusion was that this was, for now, not an accessible process.

A summary of the different identified applications of solid carbon and relevant compa-
nies/research institutes is provided in Figure 10.
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6.3, Life Cycle Assessment [LCA) calculations

Calculations based on the SLR results

Building upon the SLR results, we decided to perform the following LCA calculations:
e For the use as a filler for concrete, an optimistic version of 20 % inclusion of
solid carbon per weight of cement, and a more realistic version of 5 % inclu-
sion.

e For the use in masonry blocks, basing ourselves on clay bricks, a load-bearing
version with 5 % inclusion of solid carbon per weight of sand and clay, and an
insulation version with 50 % inclusion.

e For the use as an insulation material (plaster), a 60 % inclusion per weight of
sand.

An overview of the different LCA calculations is provided in Figure 11.
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Figure 11: Overview of the different LCA calculations which are based on the SLR results

The LCA calculations were performed in accordance with the European standards reg-
ulating the LCA of construction materials (EN-15804, 2019). The goal was to calculate
the greenhouse gas (GHG) reduction potentials which could be attained by incorpo-
rating solid carbon, or char, in the above-mentioned construction materials (concrete,
brick and plaster). For that purpose, the global warming potential (GWP) is the only
investigated impact category, expressed in kgCO,eq and assessed with the IPCC 2013
GWP 100a method, a method developed by the Intergovernmental Panel on Climate
Change (IPCC). It was assumed that no impacts came from the solid carbon, following
a cut-off approach. Cradle-to-gate assessments are performed (modules A1-A3 only,
according to the classification of EN-15804). The calculations were carried out using
the SimaPro’ computation tool and the datasets used come from the Ecoinvent® v3.6
database.

7 https://simapro.com/
8 https://www.ecoinvent.org/
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Regarding the concrete calculations, the chosen functional unit is the cubic meter of
concrete, produced with the current available technology in Austria. The reference mix
is the Ecoinvent dataset for “concrete, high exacting requirements, with CEM II/A”, a
Swiss data which is widely used as a proxy for Europe. The solid carbon is assumed to
be used instead of limestone in CEM II/A, and then, if the limestone is fully replaced,
instead of clinker. The amounts of clinker, limestone and carbon, as well as the GWP
and the percentage of reduction in GWP of the two investigated mixes compared to
the reference mix, are provided in Table 2.

Table 2: Results regarding the incorporation of solid carbon in concrete, with CEM Il/A as a ref-
erence

Reference mix 5% carbon mix 20 % carbon mix
Amount of clinker (kg) 0,79 0,79 0,76
Amount of limestone (kg) 0,16 0,11 0
Amount of solid carbon (kg) | O 0,05 0,19
GWP (kgCO,eq/m?) 196,18 196,18 189,33
% of reduction 0% 0,010 % 3,5%

The GHG emissions reductions are relatively low, with a maximum of 3,5 % for a 20 %
incorporation of solid carbon. This is mainly due to the fact that CEM II/A already con-
tains a large amount of limestone with low embodied environmental impacts. There-
fore, replacing it with solid carbon does not considerably reduce the GHG emissions.
When only limestone is replaced (this is the case for the 5% carbon mix), then the
difference in emissions is negligible (less than 1 %). However, when the clinker starts
to be replaced, because all the limestone is already changed into solid carbon (this is
the case for the 20 % carbon mix), then the difference in emissions starts to be visi-
ble. There are, however, incorporation limits when it comes to fillers in concrete, and
according to the results from the literature (Figure 9), 20 % is already very optimistic.

As a sensitivity analysis, the same calculations were performed using CEM |, contain-
ing considerably less limestone, instead of CEM II/A. For this analysis, the Ecoinvent
dataset for “Cement, Portland {CH}| production | Cut-off, U” was used. The new values
are provided in Table 3. As more clinker is replaced by solid carbon than with the CEM
II/A, the attained percentages are consequently higher, up to 15 % for a 20 % incorpo-
ration of solid carbon. Nonetheless, pure Portland cement is no longer a “reference” in
Austria, where the cement production is better represented by a CEM II/A.

Table 3: Results regarding the incorporation of solid carbon in concrete, with CEM | as a refer-
ence

Reference mix 5% carbon mix 20 % carbon
mix
Amount of clinker (kg) 0,90 0,81 0,76
Amount of limese (kg) 0,05 0,05 0
Amount of solid carbon (kg) 0 0,05 0,19
GWP (kgCO eq/m’) 223 200 189
% of reduction 0% 10% 15%
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Regarding bricks, the functional unit which was used for the calculations is one kg of
brick, produced with the current available technology in Austria. The reference clay
brick is taken from the Ecoinvent dataset for “Clay brick {RER}| production | Cut-off, U”.
The amount of sand used in these bricks being very small, it is entirely replaced by char
in both cases. Then, to achieve the two incorporation percentages (5 % and 50 %), part
of the clay is also replaced by solid carbon. These percentages are calculated based on
the total amount of sand and clay contained in the brick. The results can be found in
Table 4.

Table 4: Results regarding the incorporation of solid carbon in clay bricks, with a clay brick as a
reference

Reference mix 5 % carbon mix 50 % carbon mix
Amount of clay (kg) 1,40 1,30 0,68
Amount of sand (kg) 0,015 0 0
Amount of solid carbon (kg) | 0 0,068 0,68
GWP (kgCO,eq/kg) 0,228 0,227 0,224
% of reduction 0% 0,14 % n/a

The percentage of GHG reduction is very low with a 5 % incorporation of solid carbon,
of about 0,1 %. For the bricks with a 50 % incorporation of carbon, this percentage was
not calculated, to highlight the fact that these bricks are probably not load-bearing
anymore and should not be compared to common load-bearing clay bricks. It is likely
that they have enhanced thermal properties and that they could serve as insulation
materials. Further investigation is needed to choose a relevant comparison material or
functional unit. In any case, the difference in GWP isn’t very significant. This can be due
to the fact that the majority of the GHG emissions in brick production comes from their
energy-intensive manufacturing process, more than their constituents.

Concerning char plaster, since it was presented in the literature as a material with ther-
mal insulating capacities, the idea was to investigate if it could replace traditional insu-
lating materials. For that purpose, a reference wall was designed, containing reinforced
concrete, EPS insulation and a clay plaster. The specifications of the reference wall are
provided in Table 5.



Table 5: Main characteristics of the reference wall, allowing for the comparison of the char plas-

ter to EPS insulation

Material Parameters Reference
Thickness (mm) 300
Reinforced concrete Thermal conductivity (W.m?.K?) 2,5
Thermal resistance R (m2.K.W) 0,12
Thickness (mm) 300
EPS insulation Thermal conductivity (W.m™.K?) 0,048
Thermal resistance R (m2.K.W?) 6,3
Thickness (mm) 10
Clay plaster Thermal conductivity (W.m™.K?) 0,70
Thermal resistance R (m2.K.W) 0,015
Total thermal resistance R (m2.K.W) 0,16

The second step was to calculate the thickness of char plaster which would be needed
to entirely replace the plaster and the EPS of the reference wall, while keeping the total
thermal resistance of the wall identical. The thermal conductivity of the char plaster
is assumed to be 0,19 W.m™.K?, which is a value found in the literature (Jiang et al.,
2019). Such a calculation would lead to a plaster thickness of 1,2 meters, which is
highly unrealistic because, also based on the literature, the maximum thickness of the
char plaster should be 200mm (Schmidt, 2008). Based on this result, a new version of
the wall was designed, this time by fixing the thickness of the char plaster to 200mm,
and compensating the missing thermal resistance by adding EPS. This would lead to
an addition of 251mm of EPS, 49mm less than the reference wall. Although this wall
would still be thick, its design is already more realistic than the previous one. The char-
acteristics of the wall are provided in Table 6.

Table 6: Main characteristics of the reference wall designed with char plaster and EPS insulation

Material Parameters Reference
Thickness (mm) 300
Reinforced concrete Thermal conductivity (W.m*.K?) 2,5
Thermal resistance R (m2.K.W?) 0,12
) ) Thermal conductivity (W.m™.K?) 0,048
EPS insulation -
Needed thickness (mm) 251
Thickness (mm) 200
Char plaster Thermal conductivity (W.m*.K?) 0,19
Thermal resistance R (m2.K.W?) 1,03
Total thermal resistance R (m2.K.W) 0,16
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For the LCA calculation, the chosen functional unit is a m? of load-bearing wall con-
taining a total thermal resistance of 0,16 m2.K.W. The Ecoinvent datasets which were
used are the following:

e For concrete: “Concrete, high exacting requirements {CH}| concrete produc-
tion, for building construction, with cement CEM II/A | Cut-off”;

e For reinforcing steel: “Steel, low-alloyed, hot rolled {GLO}| market for | Cut-
off, U”;

e For EPS insulation: “Polystyrene, expandable {RER}| production | Cut-off, U”;

e For the clay plaster: “Clay plaster {CH}| production | Cut-off, U”.

Regarding the modelling of the char plaster, solid carbon was assumed to replace sand,
and to be incorporated up to 60 % of the total of weight of sand. The quantity of clay
was left unchanged. The LCA results are first given in a comparison between the clay
plaster and the char plaster, per kg, in Table 7.

Table 7: Results regarding the incorporation of solid carbon in clay plaster, with a clay plaster as
a reference

Reference mix 60 % carbon mix
Amount of clay (kg) 0,25 0,25
Amount of sand (kg) 0,55 0,22
Amount of solid carbon (kg) 0 0,33
GWP (kgC0 eq/kg) 0,028 0,013
% of reduction 0% 52 %

Using char plaster as a replacement of clay plaster, without looking at the insulation
properties, achieves a high GHG reduction, with 52 %. As a sensitivity analysis, if the
reference material was not clay plaster but a base plaster, made out of sand and ce-
ment, and if the solid carbon was used to replace sand, the obtained results would be
actually quite different, and the reduction would only be of almost 10 % (Table 8). The
data used for the base plaster is the Ecoinvent dataset “Base plaster {CH}| produc-
tion | Cut-off, U”. When using char plaster as a pure replacement of plaster, one must
therefore be careful about the replaced plaster when calculating the environmental
benefits, as it can highly influence the results.

Table 8: Results regarding the incorporation of solid carbon in base plaster, with a base plaster
as a reference

Reference mix 60 % carbon mix
Amount of cement (kg) 0,205 0,205
Amount of sand (kg) 0,772 0,309
Amount of solid carbon (kg) 0 0,463
GWP (kgCO,eq/kg) 0,21 0,19
% of reduction 0% 9,6 %



The final bills of quantities of the two modelled walls and LCA results are provided in
Table 9.

Table 9: Results regarding the incorporation of solid carbon in clay plaster, at a wall level, taking
into account the insulation properties of char plaster

Reference wall | Wall with char plaster and EPS
Quantity of concrete (kg) 720 720
Quantity of reinforcing steel (kg) | 36 36
Quantity of EPS (kg) 4,5 3,8
Quantity of clay plaster (kg) 9 0
Quantity of char plaster (kg) 0 116
GWP (kgCO_eq/m? of wall) 141 140
% of reduction 0% 0,92 %

Even when taking the clay plaster as a reference, with which the char plaster had a
52 % reduction in GHG emissions, the difference in emissions at a wall level is neglige-
able, less than 1 %. This is mainly due to the fact that the quantity of clay plaster in the
reference wall was already quite low, but also because a large quantity of char plaster
is needed to replace not even a kg of EPS. As a general conclusion, the incorporation of
solid carbon in construction materials seems to have a limited influence on their GHG
emissions.

6.4, Calculations based on data gathered from the
ndustry

Rough calculations were also performed based on data gathered from the industry,
assuming that it would be possible to obtain carbon fibers, which were also presumed
not to have any environmental impacts (cut-off approach). Even though our discus-
sions pointed out to the fact that there was a technological gap (to be able to turn the
powder into fibers), it is still interesting to investigate the potential GHG reductions, if
a solution to this technological gap was to be developed.

The first calculations were based on a document from Technocarbon, which was han-
ded to us by the consulted representative. The document compared a carbon fiber sto-
ne (CFS), which they developed, to a high strength steel beam (300 x 20 x 20cm, load
of 1460kN / 150t), assuming functional equivalency. The comparison was presented as
displayed in Table 10, differentiating the GHG emissions per electricity mix (with the
French one or the German one). No unit was given for the “carbon footprint”, but we
assumed it was calculated in the common kgCO_eq unit.
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Table 10: Data provided by Technocarbon

. . “Carbon footprint” | “Carbon footprint”
Material Weight (kg) — FR electricity mix |— DE electricity mix
CFS 105 14 140
Steel 195 270 301

Interestingly, the GHG emissions of their technology seems to be highly dependent on
the electricity mix, which points in the direction of high energy requirements during
the manufacturing process. Unfortunately, the provided document did not give more
details about the manufacturing process or the methods behind these calculations.
High uncertainties thus remain regarding these values, but without any other values
to work with, we decided it would still be interesting to adapt these calculations to
Austria. For that purpose, the emissions factors for the electricity mixes of France, Ger-
many and Austria were taken from the ecoinvent database (“medium voltage electric-
ity mixes”) and are provided in Table 11.

Table 11: Emissions factors for the electricity mixes of France, Germany and Austria

Country France Germany Austria
Emission factor (CO_eq/kWh) 80,3 600 326

Based on these emission factors, and assuming that this would be the only change in
the GWP of the CFS technology, as the data from Table 10 suggested, this would lead
to a GWP for the CFS in Austria of 66 kgCO,eq. By comparing this value with specific
data for steel production in Austria (EPD Marienhitte, 2020), a 23 % reduction would
be achieved. Although this result is promising, it is just a rough estimation based on
uncertain data, and more specific calculations should be performed before drawing
any conclusions.

A last calculation was carried out based on a technical sheet from Solidian, manufac-
turer of rebars made out of carbon fibers (64 % of the weight) and epoxy resin (36 %),
which was found online®. To model these rebars, it was assumed that their manufactu-
ring process (welding, rolling, etc.) was the same as for reinforcing steel. The functional
unit which was used for the calculations is one kg of rebar, produced with the current
available technology in Austria. For the solidian rebar, the following Ecoinvent datasets
were used:

e “Epoxy resin, liquid {RER}| production | Cut-off, U” (adapted for Austria);

e “Hotrolling, steel {RER}| processing | Cut-off, U”.

This led to a GWP of 1,94 kgCO,eq/kg. As for the reinforcing steel, the Ecoinvent data-
set representative of Europe was used (reinforcing steel, RER). It has a GWP of 1,99 kg-
Cozeq/kg. The difference is relatively small, of about 2,5 %. However, the way the So-
lidian rebar was modelled was approximate and it’s possible that the manufacturing

9 https://solidian.com/downloads/
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process is actually different. Furthermore, the technical performances were assumed
to be identical, with this functional unit, but this may not be the case. With the Solidian
rebar, there would not be the corrosion risk that exists with steel, which means that
less concrete would be needed for the same application. Differences in strength can
also exist. All these technical parameters might play a significant role in the GHG emis-
sions and should be further investigated in more detailed studies, if this technology is
of interest.

65, Conclusion

Producing hydrogen with the methane pyrolysis process would create considerable
amounts of solid carbon, for which applications would be needed. When looking into
the building sector, through a systematic literature review, three applications for solid
carbon (or pyrolysis char) in were identified: the use of the char as a filler for cement
or concrete, the use of the char for composite masonry blocks (char bricks) and the use
of the char as an insulation material (especially char plasters and coatings). Although
solid carbon from methane pyrolysis was not specifically addressed in the literature, it
was assumed that it would behave similarly to other types of pyrolysis chars. However,
uncertainties remain regarding this assumption and the differences between the types
of chars have not been investigated. Using the life cycle assessment methodology, the
greenhouse gas emissions of such identified applications of solid carbon were per-
formed and a comparison with traditional materials was made. Overall, the difference
in GHG emissions was low; the incorporation of solid carbon in construction materials,
therefore, seems to have a limited influence on their GHG emissions. Consultations
with experts, however, raised awareness about the need to carry out specific tests with
this solid carbon, as it may behave differently than other pyrolysis chars. Additional
uses of carbon, in the form of fibers, were also singled out, such as rebars or stone-fi-
bers technologies. No accessible technologies capable of turning carbon powder into
fibers exist at the moment but, if a solution to this technological gap was to be devel-
oped, these new applications, with eventual higher GHG reduction potentials, could
be reached.
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71 Introduction

The economic implications of hydrogen-based options for climate change mitigation
in Austria are explored. Three strategies can give guidance in such low-carbon proj-
ects, with the strategy “inversion” reversing the approach to start from the actually
addressed need, with “innovation” looking for development of also completely new
options along the whole value chain, and with “integration” uncovering synergy po-
tentials across sectors, agents and activities (Schleicher and Steininger 2018). In this
respect we first estimate plausible amounts of hydrogen demand by 2030, particularly
from structural changes endorsed in iron and steel production and freight transporta-
tion on the road (“inversion”). Second, we look at the corresponding supply-side op-
tions contrasting electrolysis and pyrolysis (“innovation”). On top, we study economic
exploitation potentials of solid carbon® by-production connected to pyrolysis (“integra-
tion”). The economic analysis complements bio-physical (WPI? and WPII®) and environ-
mental assessments in these projects.

1 Note that other work packages denote it pyochar.
2 WPI: Work Package | on »Kohlenstoff in der Landwirtschaft«
3 WPII: Work Package Il on »Kohlenstoff im Bausektor«
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2. Data and scenario framework

The following sections specify options of hydrogen usage (2.1), hydrogen supply and
solid carbon by-production (2.2), as well as solid carbon usage (2.3) for Austria. The
projected year for the economy-wide assessment is 2030 and, where relevant, we give
values for 2014, which coincides with the base year of the macroeconomic model,
which is explained in Section 3.

7.21. Hydrogen usage

For the low-carbon transformation of the iron and steel sector®, European and Austri-
an industry roadmaps point to hydrogen-based steelmaking. This pathway has been
explored extensively in Mayer et al. (2019) and has led to various related research
qguestions and respective assessments (Bachner et al. 2018a; Bachner et al. 2018b;
Steininger et al. 2021). We here build on them and assume a partial switch from con-
ventional iron ore reduction (the route blast furnace and basic oxygen furnace BFB)
towards hydrogen-based direct reduction (with subsequent processing in electric arc
furnaces HDE), with the latter reaching a market share of 30 % of overall Austrian steel
production by 2030. The respective operating and capital expenditure components for
the unit-cost assessment of both technological options are shown in Table 12. Assum-
ing that overall steel quantities remain at similar levels as currently observed (around
7.8 Mio. Tons per year), hydrogen demand would scale to around 160 thousand tons
by 2030. The unit-cost assessment of technologies, including operating and capital ex-
penditures for the respective mix of technologies, is taken from Mayer et al. (2019).

Table 12: Technological data for iron and steel (based on Mayer et al., 2019).

Technology [€/t steel] BFB HDE

Total produced steel [t of steel] in 2014 7,876,000 -
Market share 2030 [%] 70% 30%
Total produced steel [t of steel] in 2030 5,513,200 2,362,800
H, demand* [t H,] - 159,218

Note: *67 kg of hydrogen consumption per ton of steel (assuming 0% scrap share).

Hydrogen also plays a role in reducing greenhouse gas emissions in the sector of freight
transportation services on the road®. We use the recent bottom-up assessment pro-
vided by Sedlacek et al. (2021), who detail market shares for hydrogen-based driven
mileages in Austria specific to certain use-cases by the year 2030. Use cases (UC) repre-
sent distinct market segments of road freight transport differentiating inter alia groups
of carried goods, different mileages, or different characteristics and sizes of vehicles.
We take the mileage projection from the mentioned study, which amounts to around

4 0eNACE sector C24 (manufacture of basic metals).

5 Subsector of 0eNACE sector H49 (land transport).




22 billion ton-kilometres by 2030 (an increase of around 25 % compared to 2014) and
a market share of hydrogen-based propulsion technologies of around 11 % (internal
combustion engine ICE and fuel cell electric vehicle FCEV), see Table 13. The remaining
share represents diesel trucks. The demand of the freight transportation sector on
the road for hydrogen surmounts 18 thousand tons. Details on operating and capital
expenditures for respective use cases are given in the reports of Duelli (2021) and Sed-
lacek et al. (2021). The technological data we draw upon specifically is summarized in
Table 13. The cost of hydrogen is determined in the subsequent Section 2.2.

Table 13: Technological data for freight transportation services on the road (based on Sedlacek
etal., 2021)

H, consump- H, de-
Use Mio. Tkm tion Market share mand
case 2014 2030 kg/tkm ICEH, FCEV Diesel [t]
uci 50 105 0.039 0% 3% 97% 123
uc2 40 37 0.048 0% 5% 95% 88
uc3 688 892 0.015 0% 10% 90% 1,366
uca 1,369 3,105 0.012 3% 5% 92% 2,910
ucs 2,637 3,021 0.005 3% 10% 87% 2,006
uce 2,273 2,649 0.005 3% 10% 87% 1,589
ucz 603 789 0.012 1% 15% 84% 1,564
ucs 523 728 0.013 3% 10% 87% 1,260
uco 1,412 1,699 0.006 3% 10% 87% 1,362
ucio 1,225 1,263 0.005 3% 10% 87% 787
uci1 1,241 2,292 0.016 0% 10% 90% 3,720
uci2 2,906 3,334 0.004 0% 5% 95% 609
uci3 1,956 1,358 0.008 0% 10% 90% 1,049
Total 16,924 21,272 2% 9% 90% 18,435

7.2.2. Hydrogen supply & solid carbon by-product

In this scenario we analyse an additional (i.e. on top of existing) hydrogen supply of up
to 178 thousand tons by 2030 in Austria, with the larger share of its demand devoted
to low-carbon steelmaking (90 %) and the remaining share for freight transport on the
road as explained in the previous subsection. In this first analysis, we refrain from oth-
er potential uses such as in air or motorized passenger transportation or hydrocarbon
production together with captured carbon dioxide from the cement sector, as it is cur-
rently explored in the C2PAT® project, to be used in the (petro)chemical and pharma-
ceutical industry. On the supply side, hydrogen is produced by either electricity-driven
electrolysis (polymer electrolysis membrane PEM) or natural gas-fired pyrolysis (PYR).

6 https://innovations.icac.com/carbon2productaustria-c2pat/
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We chose reference technologies for both as they are techno-economically described
and compared in Parkinson et al. (2018) but adjust the given monetary cost evaluation
(in Parkinson et al. (2018) given for the United States) to resemble Austrian framework
conditions, also in line with the analysis in WPl and WPII. This mainly concerns electric-
ity and natural gas price assumptions, which we take from Austrian-specific statistics
(E-Control 2021).

Interestingly, and for the main comparison with central parameter assumptions, PEM
and PYR are similar regarding unit-cost with around 3 EUR per ton of hydrogen, but
structurally different, with the former more intensive in capital expenditures and ex-
penses for electricity and the latter relying more on natural gas inputs (Table 14). On
top, and in contrast to Parkinson et al. (2018), we assume that PYR is neither directly
nor indirectly connected to atmospheric CO, emissions by assuming renewable elec-
tricity supply on-site or from the market which is required during the production pro-
cess of hydrogen. However, PYR is connected to the by-production of solid carbon with
3 kg solid carbon per kg hydrogen. Our main assumption is that solid carbon comes at
a positive unit-revenue of 38 EUR per ton, which improves the unit-cost differential of
PYR relative to PEM due to the additional economic value of the by-product. This posi-
tive unit-revenue is derived from the willingness to pay for solid carbon derived for the
materials sector as specified and discussed later in Section 2.3.

However, we consider a broad range of solid carbon values to capture its implied sen-
sitivity. For a high estimate, we refer to Hepburn et al. (2019), who give break-even
abatement costs of 198 EUR per ton of biochar use in agricultural soil (based on the
reported 54 EUR per ton of CO, for their low potential scenario)’. However, if the par-
ticular characteristics of the solid carbon produced as a byproduct of pyrolysis imply
that it cannot achieve such positive market values (of neither 38 nor 198 EUR per ton)
in the region where it occurs or at the very scale it occurs, pyrolysis could have to pay
for carbon depositing. For this lower end estimate, we assume 5 EUR per ton of solid
carbon depositing costs (instead of revenues). As a result of this sensitivity we suggest
a detailed market analysis for the solid carbon here produced. This will allow to evalu-
ate the likelihood of each of the very different scenarios we here employ, and contrib-
ute a fundamental criterion to inform any further pyrolysis decision.

For revealing the sensitivities of the unit-cost comparison between PEM and PYR, we

further vary assumptions for prices of electricity and natural gas (taking the minimum,

mean and maximum observations of E-Control (2021) for the period 2016-2020), the

added value or depositing cost per unit of solid carbon (as specified previously) and the

interest to be paid on investment requirements to install respective facilities (i.e. the

weighted average cost of capital WACC). By applying three plausible values for the four
7 This rests on the same assumption as indicated in WPI that solid carbon from pyrolysis
comes with similar characteristics and soil benefits as biochar, which is why its evaluation
rests on several uncertainties.



parameters, this spans a range of eighty-one parameter combinations. The result is
shown in Figure 12, where we find the spread between electricity and natural gas pric-
es as the core driving factor of unit-cost differentials (Panel a). Additionally, solid car-
bon revenue or depositing cost assumptions can shift unit-cost differentials further but
are found to play a comparatively minor role. Unit-cost differentials are also less sensi-
tive to assumptions of WACC, as shown in Panel b. Based on this, we develop two ex-
treme cases as upper and lower bounds, as shown in Table 14, where also the respec-
tive parameter combinations are visible. Compared to the main assumptions for
techno-economics of PEM and PYR, the upper bound specification assumes a world
with a low electricity price, a high gas price, a low WACC and a negative solid carbon
revenues (i.e. depositing costs), leading to the highest cost disadvantage of PYR rela-
tive to PEM. The lower bound specification turns assumptions around. Overall, this
leads to a broad range of unit-cost differentials between PYR and PEM of between
-39 % to +32 % (incl. solid carbon evaluation).

PYR unit-cost differential to PEM
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Figure 12: Panels give the percentage difference in the unit-cost of PYR relative to PEM. Panel (a) uses main
WACC assumptions comparing different price assumptions for solid carbon (line colors), for electricity (first
item) and for natural gas (second item). Similarly, Panel (b) uses main solid carbon price assumptions and
varies WACC assumptions (line colors).
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Table 14: Techno-economics of electrolysis (PEM) and pyrolysis (PYR) based on Parkinson et al. (2018) and adjusted for Austrian framework conditions; differences in sums are
due to rounding

Main Sensitivities

Item Unit PEM PYR PEM (upper) PYR (upper) PEM (lower) PYR (lower)
Operating expenditures EUR/t H, 2,672 2,973 2,393 3,437 3,053 2,611
Electricity price EUR/MWh 43 43 38 38 50 50
Electricity consumption MWHh/t H, 55 13 55 13 55 13
Natural gas price EUR/t CH, 271 271 337 337 215 215
LNG consumption t CH4/t H, - 8 - 8 - 8
Other EUR/t H, 315 261 315 261 315 261
Capital expenditures® EUR/t H, 383 161 339 143 823 347
Total investment EUR/t H, 7,470 3,150 7,470 3,150 7,470 3,150
WACC / 2% 2% 1% 1% 10% 10 %
Lifetime Y 25 25 25 25 25 25
Unit-cost | (net of taxes) 3,055 3,134 2,732 3,580 3,876 2,958
Solid carbon revenue/depositing cost EUR/t H, - 113 - 15 - 594
Unit-revenue of solid carbon EUR/t C 38 38 -5 -5 198 198
C by-production tC/tH, - 3 - 3 - 3
Unit-cost Il (net of taxes) EUR/t H, 3,055 3,021 2,732 3,595 3,876 2,364
Unit-cost differentials w/o C revenue/cost 26% 31.1% -23.7%

Total -1.1% 31.6 % -39.0 %

ap = ((+i

8 Annuity factor: > i)/((l +0)Y — 1)
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7.2.3. Solid carbon usage

Using pyrolysis for the supply of 178 thousand tons of hydrogen comes with solid car-
bon by-production of around 534 thousand tons. In the following, we specify solid car-
bon usage in the materials* and agricultural sector. For simplicity and a first estimate
of plausible configurations, we assume that each of the two sectors consumes half of
total solid carbon produced.

Table 15: Techno-economics of reference (REF) and 5 % solid carbon enriched (5CM) concrete
and bricks production; columns marked with * are based on WPII; differences in sums are due to
rounding.

Concrete REF* 5CM* REF 5CM REF 5CM
WTP Actual
[t] per [t con-
crete] totals [kt] [Mio. EUR]
Clinker 0.79 0.79 3,888 3,888 203 203 203
Limestone 0.16 0.11 787 541 26 18 18
Carbon - 0.05 - 246 - 8 9
5CM enriched con-
crete 4,922 4,922 229 229 230
Total concrete 2014 27,067 WTP [EUR/t] 33
Carbon usage 246 Cost of C [EUR/t] 38
5CM share in total 18 % Cost differential 0.5%
Bricks REF 5CM REF 5CM REF 5CM
WTP Actual
[t] per [t bricks] totals [kt] [Mio. EUR]
Clay 1.40 1.30 420 390 27 25 25
Sand 0.02 - 4 - 0 - -
Carbon - 0.07 - 20 - 2 1
5CM enriched bricks 300 300 27 27 26
Total bricks 2014 1,652 WTP [EUR/t] 95
Carbon usage 20 Cost of C [EUR/t] 38
5CM share in total 18 % Cost differential -4.0 %

1 0eNACE sector C23 (manufacture of other non-metallic mineral products).
2 0eNACE sector A01 (crop and animal production, hunting and related service activities).
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We assume that construction materials are enriched with solid carbon as specified
in WPII. For the economic evaluation, we focus on solid carbon use in concrete and
bricks only. The reference mix (REF) and the 5 % carbon mix (5CM) for both materials
are shown in Table 15 and scaled to Austrian production figures of the base year taken
from WKO (2016). Around 18 % of total concrete and bricks production is assumed to be
enriched with solid carbon by 2030. By adopting average prices for clinker (0.05 EUR/
kg), limestone (0.03 EUR/kg), clay (0.06 EUR/kg) and sand (0.01 EUR/kg), the cost of
REF and 5CM can be compared to each other. The 5CM standard for both subsectors
concrete and bricks would imply an average willingness to pay (WTP) of 38 EUR per
ton of solid carbon to keep the aggregate material sectors production costs constant.?
In the macroeconomic evaluation of the main scenario, we assume that the 5CM mix
comes as a top-down material standard leading to the intake of solid carbon and keep-
ing benchmark sectoral productivity constant. This may nevertheless imply eventual
productivity losses (gains) for the concrete (bricks) subsector as its WTP is lower (high-
er) than for the aggregate materials sector. However, with the upper (lower) bound
scenario and its distinct assumption on the solid carbon value of -5 (198) EUR per ton
given in Table 14, productivity changes. Accounting for the implied unit-cost differen-
tial at the subsector level of concrete and bricks production and their together 12 %
turnover share in the OeNACE C23 sector (Eurostat 2021), the corresponding change in
productivity is -0.5 % (2 %) for the upper (lower) bound scenario. Implicitly, the materi-
als sector gets paid in the upper scenario for “disposing” solid carbon.

Total arable land in Austria amounts to 1.3 million hectares. Deploying 60 tons of solid
carbon per hectare land (Genesio et al. 2012) gives a total solid carbon use potential of
78 million tons. Within our scenario framework, 0.3 % of this overall potential is used
for soil amendment with solid carbon produced in the single year of 2030, correspond-
ing to 4,400 ha of arable land. Thereafter, and on the very same soil, only additions
amounting to natural decay lasting several decades would be possible. Note that the
cumulative impact would rather imply 7.5 % of overall potentials with a lifetime of
pyrolysis facilities of 25 years and the chosen capacity to supply hydrogen demands.
For the main scenario, and assuming a value of 38 EUR per ton of solid carbon, around
10 Mio. EUR represent solid carbon uptake by agriculture in our scenario for 2030. For
the upper (lower) bound scenario given in Table 14 with -5 (198) EUR per ton of carbon,
this estimate scales to -1.3 (53) Mio. EUR. Hence, the agricultural sector gets paid in
the upper scenario for solid carbon “disposal”. For the macroeconomic assessment, we
do not touch on benchmark productivity for the agricultural sector because changes
in the organic composition of soil and its quality are yet unclear as are variations in
corresponding yields (i.e. productivity gains or losses). The WPI explores different as-
pects and plausible outcomes but given the described limitations, we stick to this most
“neutral” assumption.

3 (8,000+2,000) [th. EUR] / (246+20) [kt materials].



73, Method and scenario implementation

7.3.1. WEGDYN-AT CGE model

For the macroeconomic assessment of the supply and use of hydrogen and the im-
plications of carbon usage, we use the WEGDYN-AT model (Mayer et al. 2021). It is a
recursive-dynamic computable general equilibrium (CGE) model representing Austria
as a small open economy. Firms maximize profits under perfect competition and
constant returns to scale, while private and public households maximize utility from
consumption. The model is calibrated to a social accounting matrix (SAM) of the year
2014, which includes 72 NACE-classified economic sectors, 12 private households and
one public household. We implement a minimum wage, which mirrors the choice be-
tween, on the one hand, the willingness to work more due to actual wages (tied to the
consumer price index) r