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6.A Appendix to Transformation pathways AAR2

8.A.1 Mitigation options and the SDGs

Chapter 8 assesses the interactions between Austrian mitigation scenarios and the Sustainable
Development Goals (SDGs), based on an analysis of mitigation options and individual SDGs (Figure
8.3). The chapter follows the methodological proceedings of the IPCC (IPCC, 2018) and builds upon
the findings of Roy et al. (2018), from the IPCC Special Report on Global Warming of 1.5°C. Based on
Roy et al. (2018), experts involved in the AAR2 reviewed the comprehensive global assessment and
carried out the evaluation of sectoral mitigation options for the Austrian context. This assessment
considered several factors: (a) how mitigation options interact with specific SDGs; (b) the magnitude
of these interactions, using the Nilsson Score; (c) the consistency of evidence; (d) the degree of
expert agreement; (e) the resulting confidence level; and (f) references relevant to Austria. Since the
AAR2 is an Austria-specific assessment, no spillover effects related to SDG attainment beyond Austria
were accounted for. In other words, trade-offs between national and global SDG targets were not
considered. Consequently, ocean-related mitigation options such as iron fertilization, blue carbon,
and enhanced weathering were excluded from the analysis. Additionally, SDGs with limited
immediate relevance to the Austrian context—such as SDG 14 (Life Below Water), SDG 16 (Peace,
Justice, and Strong Institutions), and SDG 17 (Partnerships for the Goals)—were excluded. All climate
mitigation options are directly concerned with SDG13 (Climate Action); hence SDG 13 is not displayed
either.

Authors of the subchapters within the AAR2 following the understanding of mitigation options by
Roy et al. (2018), were asked to adjust the global findings to better reflect the Austrian context. The
methodological proceedings were clarified in a series of meetings and a detailed guiding. Any
deviations from the global assessment were documented. To do this, Excel spreadsheets were
converted into Word files so that authors could work in track-change-mode. Authors were required
to justify Austria-specific adaptations by citing relevant national literature or expert judgement. The
adjusted assessment was then compiled into a table and visualized in Figure 8.3. For visualization,
mitigation options were grouped by their area of action — i.e., demand, supply, or land use (Figure
8.4) — following the ASI framework (see Cross-Chapter Box 4).

For the scenario assessment, the methodological proceedings of the IPCC (2018) were slightly adapted.
To facilitate this process, a table

(https://files.ece.iiasa.ac.at/aar2/appendix/AAR2 Chapter 08 Appendix SDGs synergies trade-
offs.xlsx) was created to capture (a) the interaction strength, as indicated by the Nilsson score, and
(b) trade-offs and synergies, listed in separate columns. Only interactions with confidence ratings
equal to two (% %) or higher were considered. This table served as the baseline for scenario analyses
by outlining all medium- to high-confidence SDG interactions and their respective strengths.

To calculate the relative synergy-risk profiles of different Austrian scenarios, the relative deployment of
mitigation strategies was quantified using a set of proxy indicators. These indicators parallel with IPCC (2018)
and are shown in

Table 8.A. 2. Proxy values were normalized on a scale from 0 to 1, where a value of 0 represented the lowest
deployment of a mitigation option and 1 represented the highest. Unlike IPCC (2018), who assigned a fixed
value of 0.5 for intermediate deployments, we retained the scenarios’ exact proxy values to allow for a more
nuanced analysis.

Table 8.A. 2 provides an overview of these scenario proxies for the condensed mitigation options
presented in Table 8.A. 1. Due to data limitations, only energy-system-related mitigation options
were included in the analysis and the assessed scenarios needed to be limited to those that provided
the relevant data points.
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The normalized proxy values were then multiplied with the adapted mitigation table
(https://files.ece.iiasa.ac.at/aar2/appendix/AAR2 Chapter 08 Appendix SDG Mitigation options i

nteractions.xlsx) and separately summed for each interaction type (synergy or trade-off). The final
result was synthesized into a single interaction profile based on the majority of sub-interactions
(synergies or trade-offs).

Table 8.A. 1 Overview of integrated mitigation options from Figure 8.3 into compensated set of mitigation

measures considered for scenario analyses.

Figure 8.3 Mitigation Options

Considered for scenario analyses

Accelerating energy efficiency improvements DEMAND: Accelerating energy
efficiency improvements in end-use
sectors

Industry Low-carbon fuel switch DEMAND: Fuel switch access to
modern low-carbon energy

Decarbonization/CCS/CCU Not included due to lack of scenario
data and corresponding proxy

Behavioral response DEMAND: Behavioral response
reducing Buildings and Transport
demand

T o Accelerating energy efficiency improvement DEMAND: Accelerating energy

S Buildings - . .

£ efficiency improvements in end-use
a sectors

Improved access & fuel switch to modern low- | DEMAND: Fuel switch access to

carbon energy modern low-carbon energy

Behavioral response DEMAND: Behavioral response
reducing Buildings and Transport
demand

Accelerating energy efficiency improvement DEMAND: Accelerating energy

Transport - . .
efficiency improvements in end-use
sectors

Improved access & fuel switch to modern low- | DEMAND: Fuel switch access to

carbon energy modern low-carbon energy

Non-biomass renewables SUPPLY: Non-biomass renewables
solar, wind, hydro

Replacing | Increase use of biomass Not included due to lack of scenario
%‘_ coal data and corresponding proxy
§ Nuclear/Advanced Nuclear Not included due to lack of scenario
data and corresponding proxy
Advanced | CCS: Fossil Not included due to lack of scenario
coal data and corresponding proxy
Behavioral response: Sustainable healthy diets | Not included due to lack of scenario
and reduced food waste data and corresponding proxy
Agriculture | Land based greenhouse gas reduction and soil | Not included due to lack of scenario
o & carbon sequestration data and corresponding proxy
:C: Livestock | Greenhouse gas reduction from improved Not included due to lack of scenario
©) livestock production and manure management | data and corresponding proxy
systems
Forest Reduced deforestation, REDD+ Not included due to lack of scenario
data and corresponding proxy
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Afforestation and reforestation Not included due to lack of scenario
data and corresponding proxy

Behavioral response (responsible sourcing) Not included due to lack of scenario
data and corresponding proxy

Table 8.A. 2 Mitigation options and proxy indicators reflecting relative deployment of given measures across
Austrian mitigation scenarios. Values of indicator for behavioral response, fuel switch.

Mitigation Measures Scenario Proxy
Group Description Description
Demand (Industry, Accelerating energy efficiency Compound annual growth rate of
Buildings, Transport) improvement in end-use sectors primary energy (PE) to final energy (FE)

conversion from 2020 to 2040

Fuel switch access to modern low- Year-2040 carbon intensity of FE
carbon energy (tCO2/PJ FE)
Behavioral response reducing Buildings | Percent change in FE between 2020 and
and Transport demand 2040

Supply Non-biomass renewables Percent change in FE between 2020 and
solar, wind, hydro 2040

8.A.2 Explanations on data related to assessed costs and potentials of
mitigation options

Sector AFOLU

Mitigation potentials are taken or adapted from various sources. Details to all estimates can be found
in the Supplementary Material of Chapter 2

(https://files.ece.iiasa.ac.at/aar2/appendix/AAR2 Chapter 02 Appendix mitigation potentials.xlsx).
Please note that caveats underlying these estimates are explained therein (Table 2.3).

Change in tree species composition

Data on potentials were derived from the ‘Baumartenwechsel’ scenario from CareForParis - BFW
Praxisinfo 51 (BFW, 2020). Total effect on forest sink, Harvested Wood Products (HWP) sink and
avoided emissions through substitution, average between 2020 and 2150. In all forest scenarios, the
net sink in the long-term average is lower than in 2020, due to the decreasing trend in C sinks and
avoided emissions, independently of the taken measures. To isolate the effect of the measure, the
scenario’s net emissions (i.e., sink) is hence compared to the reference scenario, rather than to the
value of 2020.

Related to cost data, the effect on the contribution of the forest-wood sector to GDP from
CareForParis - BFW Praxisinfo 51. Following CareForParis, a GDP growth rate of +1.6 %/yr is assumed,
starting with the GDP value of the year 2018 from Statistik Austria. On average between 2020 and
2150, under the scenario with a change in tree species composition, the contribution of the forest-
wood sector to national GDP is ca. EUR 2.7 billion lower than in the reference scenario, for a
mitigation potential of 1.9 MtCO2/yr, i.e., ca. EUR2023 1500 per mitigated ton.

Reducing GHG emissions from agricultural soils and carbon sequestration
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Values from Sinabell et al. (2023). There, the measures are divided into three categories: (a)
Measures within the regulatory framework (including GHG-relevant measures in CAP). (b) Additional
options for adaptations of production/management techniques. (c) Additional demand side options
and options for structural/systematic changes at sector level. The scenario WEM was used as a
reference to derive figures on emissions based on expected future animal numbers, nitrogen
amounts, cultivated areas, production techniques, yields, and other data. The base year refers to
2020 or, where available, a five-year average. For most mitigation options, the greenhouse gas
mitigation potential was calculated via an estimation of the unitary abatement potential, i.e., the
amount of reduction per production unit (e.g., per ha cropland, per kg milk) and the extent of
affected units (e.g., farms, ha, LU). The calculation of mitigation costs rests on a profitability
assessment. This is based on a differential cost calculation if only the production process itself is
concerned, or on full cost calculations if investments and/or farm strategies are affected by a
mitigation option.

Reducing GHG emissions from agricultural inputs

Values from Sinabell et al. (2023).

Reducing GHG emissions from livestock farming

Values from Sinabell et al. (2023).

Shift towards healthy, plant-based (lancet) diets - Reduced agricultural emissions

Average from Lauk et al. (2022) and Le Noé et al. (2023). The value from Lauk et al. (2022) is a
consumption-based account for Vienna, extrapolated to Austria based on population share. The base
year is 2015. For Le Noé et al. (2023), mitigation potentials from diets are isolated from the reduction
of food waste, based on the raw model results of the author. The base year is 2010.

The mitigation potentials of this measure are hampered by the assumed increase in population over
the period. For a mitigation potential, compared to a reference scenario, see Table 2.3.

Shift towards healthy, plant-based (lancet) diets - enabled afforestation and renaturation

The shift towards healthy, plant-based diets frees up agricultural land, which is assumed to be
afforested.

Outcome favorable: Value from Le Noé et al. (2023). Afforestation is on all freed agricultural land
(cropland and grassland). The base year is 2010.

Outcome unfavorable: Value from Preinfalk et al. (2024). Afforestation is only on surplus grassland.
The base year is 2010.

Mitigation potentials from diets are isolated from the reduction of food waste, based on the raw
model results of the author. The mitigation potentials of this measure are hampered by the assumed
increase in population over the period. For mitigation potentials, compared to a reference scenario,
see Table 2.3.

Halving food loss - reduced agricultural emissions

Average from Lauk et al. (2022) and Preinfalk et al. (2024). The value from Lauk et al. (2022) is a
consumption-based account for Vienna, extrapolated to Austria based on population share. The base
year is 2015. For Preinfalk et al. (2024), mitigation potentials from reduced food waste are isolated
from the diets, based on the raw model results of the author. The base year is 2010.
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Halving food loss - enabled afforestation and renaturation

Value from Preinfalk et al. (2024). Mitigation potentials from reduced food waste are isolated from
the diets, based on the raw model results of the author. The base year is 2010.

Reduce overall use and harvest of wood (‘Vorratsaufbau’) - average 2020-2150

Data on potentials were derived from the ‘Vorratsaufbau’ scenario from CareForParis - BFW
Praxisinfo 51 (BFW, 2020). Total effect on forest sink, HWP sink and avoided emissions through
substitution, average between 2020 and 2150. In all forest scenarios, the net sink in the long-term
average is lower than in 2020, due to the decreasing trend in C sinks and avoided emissions,
independently of the taken measures. To isolate the effect of the measure, the scenario’s net
emissions (i.e., sink) is hence compared to the reference scenario, rather than to the value of 2020.

Regarding costs, the effect on the contribution of the forest-wood sector to GDP from CareForParis -
BFW Praxisinfo 51. Following CareForParis, a GDP growth rate of +1.6 %/yr is assumed, starting with
the GDP value of the year 2018 from Statistik Austria. On average between 2020 and 2150, under the
scenario with reduced wood harvest (‘Vorratsaufbau’), the contribution of the forest-wood sector to
national GDP is ca. EUR 1.8 billion lower than in the reference scenario, for a mitigation potential of
7 MtCO,/yr, i.e., ca. EUR 250 per mitigated ton.

Prioritizing long-life harvested wood products over energy

Favorable outcome: Value derived from Braun et al. (2016, p. 280) - Comparison of a scenario with
increased logging due to policies fostering increased material use and a scenario with increased
logging due to biomass-for-energy policies. Total effect on forest sink, HWP sink and avoided
emissions through substitution, average between 2011 and 2100.

Unfavorable outcome: Value from Kalt et al. (2016, p. 160) - Sum of two case studies, average
mitigation potential for the period 2015-2075:

a) Use chips and particles for wood insulating boards instead of energy. Reduced wood energy is
compensated with natural gas

b) Use lignocellulosic ethanol for ethylene instead of transport fuel. Reduced wood energy is
compensated with gasoline.

Sector Buildings

Renovation building envelopes

Based on the marginal energy saving cost curve in Hummel et al. (2021) and own calculations,
adjusted to EURy,3 prices.

RES decentral heating

Calculated by replacing gas and oil boilers with air-source heat pumps, using Invert/EE-Lab data to
estimate potential and cost based on Kaltschmitt et al. (2013), adjusted to EUR2023 prices.
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RES district heating

Based on Fallahnejad et al. (2022) and own calculations, adjusted to EUR2023 prices.

Sector Transport

General notes

All data on mitigation potentials in the transport sector stems from the Austrian Mobility-Masterplan
(BMK, 2021), reflecting the individual options listed therein and serving as a consolidated basis for
Austria.

All corresponding cost data is expressed in EUR2g,3. For a given mitigation option, we define an
optimistic and a pessimistic case based on abatement cost estimates derived from the literature as
well as own judgement if numbers are not available. Generally, abatement cost estimates in the
transport sector are limited, in particular marginal abatement cost curves that are transferable to
Austria are non-existent to our knowledge. While relatively more estimates are available for
technological options, several of the underlying studies have been conducted or funded by lobby
organizations, which compromises the objectivity and reliability of the figures. Our estimates exclude
such studies. Here is an overview of the main sources based on which abatement cost estimates for
the Austrian transport sector were derived:

Fuel export

Based on calculations conducted by the Environmental Agency Austria (Umweltbundesamt, 2020)
and commissioned by the BMF, the abatement costs/CO; range somewhere between EUR 2.5 and
125, depending on the exact assumptions on the fuel tax increase. In principle, one can conclude that
it would be possible to achieve the CO; reduction potential without substantial additional costs, as
long as policymakers are willing to raise the fuel tax substantially (higher revenues/unit compensate
for reduction in units sold).

Freight transport framework conditions

Here, cost estimates vary widely, depending on the implemented instruments. For the case of
infrastructure, improvements in rail (rail terminals, sidings, etc.), the costs will likely be above

EUR 200/t of CO,. Also, subsidies to encourage a switch to rail are likely in a similar cost range. For
the case of a mandatory usage of rail for specific freight types and distances, the direct costs for the
government are likely lower, however, indirect costs will accrue due to higher transport rates for
goods. For instance, Austria invests more than EUR 3 billion per year for rail infrastructure. Even if
only a very small part of these investments is attributed to freight transport (e.g., EUR 160 million —
5 % of the total investment), this already results in an implied abatement cost rate of above 200
(given that the reduction potential is around 0.8 million tons of CO,) (BMK, 2022).

Behavioral changes

Very few cost estimates are available for behavioral options, and those that are available vary
strongly in their underlying assumptions and as a result derive very heterogenous estimates. For
Finland (Liimatainen et al., 2018), an estimate of EUR 172/tCO, has been derived for a shift to
walking/cycling/public transport, and EUR 954/tCO0; for a shift to car-sharing (however, this does not

8



6.A Appendix to Transformation pathways AAR2

take into account the cost reductions by not using/owning a car). At the other end of the spectrum is
the study by Dedinec et al. (2013) for Macedonia who do not consider infrastructure investments or
increased operational costs and, as a result, derive negative abatement costs. For Austria, the above-
mentioned costs for rail infrastructure expansion point in the direction of EUR >200/tCO, for that
specific behavioral change option. Altogether, all abatement cost categories are likely to apply,
depending on the exact instruments used.

Technological improvements cars

Significant abatement costs only accrue until alternative propulsion technologies become cheaper
than diesel/gasoline cars. There is strong consensus that battery electric vehicles are the cheapest
and most efficient technology (for instance a recent study for Germany (Morrison et al., 2024) shows
that e-fuels would imply abatement costs above EUR 600/tCO,). This is expected to happen at latest
2030/2035 for purchase costs, while lifetime costs are already currently lower for electric vehicles
(for instance, the study for Italy by Prina et al. (2021), only considers charging infrastructure costs in
their calculation of abatement costs; see also ‘Faktencheck E-Mobilitat’). Until 2030 (or 2035 in the
more pessimistic case), we can expect carbon abatement costs of about EUR 100-150/tCO,. This
range has been found for Germany (Misconel et al., 2022). Also, the somewhat older estimates of
Liimatainen et al. (2018) and Ibrahim and Kennedy (2016) for Toronto are only slightly above that
range. After 2030/2035, the abatement costs are likely close to zero.

Technological improvements trucks

As for the case of private cars, technological progress is expected to decrease the abatement costs
substantially for trucks over time (Martin et al., 2023; Einride, 2024). Electric trucks have the lowest
abatement costs, compared to other technologies (Martin et al., 2023). The abatement costs for
hydrogen and e-fuels are expected to remain significantly above EUR 200/tCO, for the next decade
(Martin et al., 2023). For electric trucks, the abatement costs are currently around EUR 300/tCO,, but
are expected to decline to 200 by around 2027, drop to below 100 before 2030, and be
around/below 0 after 2033 (Martin et al., 2023).

Sector Industry

General information

Emission reduction potentials are based Nagovnak et al. (2024). For the optimistic case, a full
decarbonization of the energy mix (including gas) is assumed, whereas for the pessimistic case the
current (European) emission intensity of 0.2 MtCO, TWh™ is applied. Note that cost estimated are
subject to substantial uncertainties. Further note that cost estimates are only given for the two major
emitting industries steel and cement production.

Steelmaking

Both options of ‘switching to mainly CHs-based direct reduction’ and ‘switching to mainly CHs-based
direct reduction’ assume a mix of CH4 and H; based production, but with different shares (Nagovnak
et al., 2024). In both scenarios emission can be reduced to about 1 MtCO, per year by 2050 under
optimistic assumptions, whereas under pessimistic assumptions, emissions can be reduced to 7-8 Mt
only through emissions via direct and indirect (e.g., for H, production) energy demand.
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Cost estimates for CHs-based steel production are different for the optimistic and pessimistic
scenarios. In the optimistic scenarios (decarbonized energy mix) costs from (IEA, 2020; Benavides et
al., 2024; Detz et al., 2024) are used, assuming that syngas is made from biomass at estimated costs
of EUR 500 per ton of syngas. This yields additional costs per ton of steel of about EUR023 200 and
costs for avoiding 1 Mt of CO, of EUR2023 130. For the pessimistic scenario abatement costs are only
EUR 90 per ton of CO,, since conventional and thus cheaper gas is used.

Cost estimates for the hydrogen-based technology are based on (Material Economics, 2019; Mayer et
al., 2019; IEA, 2020; Benavides et al., 2024), which — on average — estimate production costs per ton
of steel of EUR2023 860. The unit costs of the reference technology is based on Mayer et al. (2019) and
is EUR2023 523 per ton. Given the emission intensity of 1.5 tCO; per ton of steel, this yields additional
costs for avoiding 1 t of CO; of EUR2023 225. For both the optimistic and pessimistic scenario, the
same cost estimate has been used.

CCS via oxyfuel technology in clinker production

For emissions from non-metallic mineral production — which are made up to a large part of clinker-
related emissions — the option of CCS via oxyfuel technology is assumed, which reduces CO,
emissions to about 1 Mt in the optimistic case and to about 2.3 Mt in the pessimistic case by 2050
(see Nagovnak et al., 2024 for details).

Cost estimates are based on Gardarsdottir et al. (2019), Material Economics (2019) and Steininger et
al. (2021). The reference costs for 1 ton of clinker are EUR2023 70 and costs when including oxyfuel
CCS rise to about EUR2023 120 per ton of clinker. Given the emission factor of 0.85 t of CO, per ton of
clinker, this leads to abatements costs of about EUR2023 50 per ton of CO,.

Sector Electricity

Potentials and costs refer to the uptake of renewable energy technologies in electricity supply, based
on elaborations in Section 4.5, and specifically the values presented on costs and potentials Table
4.A.3 and Table 4.A.4 in 4.A.2 (ordered in terms of technology and year). The covered technology

options are electricity generation by photovoltaics (PV) (rooftop and ground-mounted), hydropower,
biomethane, and wind. Unless stated otherwise, the total renewable electricity potential is
presented in these tables. Only technical potential was considered. As a further processing step for
the calculation of the mitigation potentials, the current use of the renewable electricity technology
was deducted so that only the additional potential to current use was considered. The costs and
potentials values provided in Table 4.A.3 and Table 4.A.4 in 4.A.2 then set the range of lower and
upper bounds of costs and potentials for the renewable electricity mitigation options used for Figure
8.6. One difference to the potentials stated in the tables is that Mikovits et al. (2021), which is listed
in the table, was not considered for the costs and potentials due to the assumption of use of 100 %

of agricultural land. In the case of biomass, additional potential only from biomethane (11 TWh) was
considered (Baumann et al., 2021).

For translating energy-related potentials of individual renewable energy technologies into carbon
mitigation potentials, it was assumed that renewable electricity would, in the future, replace the
fossil fuel use in the electricity sector but also in heating and cooling as well as in transport. This
implies that electrification (via heat pumps or e-mobility) is progressing in those sectors in

10
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forthcoming years. Accordingly, three distinct categories of CO; emission intensities were considered,
ranging from 128 to 833 kgCO, per MWh of electricity and reflecting representative values for the
fossil fuel use by sector at present. Due to a lack of detailed information, the identified additional
potentials were equally split across these emission intensity categories. Cost estimates build on
scientific literature, among them LCOE data derived in accordance with the financial support offered
by the Austrian EAG (as of 2024) (see Table 4.A.3 and Table 4.A.4 in 4.A.2) and assessed market
values of the generated electricity. Cost per unit of electricity were then translated into abatement

cost using the emission intensities stated above. All costs were finally adjusted to EUR,023 prices.

11
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