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Note on EROIrn estimates from the literature and our study
EROI estimates of different energy generation technologies

Supplementary Figs. 1 and 2 show the EROIriv values from the literature next to our
EROIrin estimates for the twenty-seven energy conversion technologies used in this study.
Besides comparing our EROI calculations to the estimates from the literature, the figures also
depict how the EROIs of technologies change over time. Comparing values from the literature
to our estimates in the time period from 2020 to 2030 shows that our calculations generally
compare closely with the range of literature estimates. The two outliers are the EROIs for wind
and photovoltaics (PV), in the period from 2020 to 2030, which are considerably lower in our
calculations than in the literature estimates. This difference is because during the initial period
of low-carbon energy transition, renewables see an exponential growth in deployment across
the range of energy pathways, which results in substantial upfront energy requirements, while
most of the energy payback takes place after 2030. The uneven balance between the upfront
energy requirements and energy generation translates into a lower EROI of these technologies
over the period of rapid growth in their deployment. In the period from 2040 to 2050, when the
bulk of renewable infrastructure is already constructed, the EROI of renewables increases
substantially due to (a) lower upfront energy requirements as the growth of wind and
photovoltaics decrease relative to the energy they generate, (b) low energy requirements for
the operation and maintenance of the energy infrastructure, and (c) technological
improvements which decrease the energy intensity of construction, operation and maintenance.

Our calculations show that the EROIs of non-CCS fossil fuel and bioenergy
technologies at the final energy boundary will decrease in the future both due to higher energy
costs of extraction and lower utilisation of these technologies. Depletion of fossil fuels in the
most accessible resource extraction sites will lead to a decline in the EROI of fossil fuels at the
standard energy system boundary. At the final energy boundary, the EROI of non-CCS
technologies decreases below the EROI of CCS technologies in our analysis because
conventional fossil fuels, according to the SSP scenario data, become less utilised for energy
generation later in the century (supposedly because they are less economic with a rising carbon
price). With lower utilisation of fossil fuel technologies, the capacity factors of existing
infrastructure decrease, while the phasing-out also comes with an energy cost for the
decommissioning of the fossil infrastructure. Both factors result in lower energy return and
lower EROI for conventional fossil fuel technologies. This result is the consequence of
stranded fossil fuel investments in the future. Some power plants will work at reduced
capacities, others will be closed down before the end of their life-time. Thus the “real-world”
EROI of these technologies will decline beyond the “real-world” EROI of CCS technologies,
which will still operate further into the future, as their carbon intensity is lower in comparison.

As shown by a range of estimates depicted in Supplementary Figs. 1 and 2, alongside
Supplementary Table 1, studies may produce different estimates of EROIgn for a given energy
conversion technology. There are three key reasons for different EROIrin estimates in the
literature.



The first is the use of different methodologies to account for energy requirements. EROI
methods can omit important energy inputs in the calculation of energy requirements, leading
to an overestimation of the EROlgn of energy conversion technologies?. Typically, the process-
based methods aim to include all the relevant direct energy inputs to the energy system, such
as energy required for construction, decommissioning, and operation and maintenance of
energy infrastructure. However, they tend to omit (some) indirect energy inputs, such as the
energy required to produce the machinery that is involved in the construction of energy
infrastructure or the energy required for exploration of energy resources or to provide for the
human labour?. In contrast, these indirect energy inputs are captured by input—output
methodologies, which are therefore more complete at quantifying total energy requirements.

Comparisons between the two methodological approaches have shown that energy
requirements estimated in studies using input—output analysis can exceed the energy
requirements estimated in process-based studies by more than 100%%“. However, input—output
methodologies require highly detailed data on energy flows between different industries and
across countries, which may not always be available and may therefore not be applicable in all
case studies. For example, the input—output database used in the EROI study by Brockway et
al.> describes energy flows between 163 industries across 49 different countries/regions. Such
detailed analysis is not possible in our study, which is based on the mitigation pathway energy
data from a single energy-system sector of the global economy. For these reasons our method
of estimating energy requirements is largely derived from the studies using process-based
methodologies like the study by Rauegi and Leccisi®, which calculate the EROI of power-
generation technologies in the United Kingdom.

Second, EROI may vary depending on the specific technological configuration of the
energy conversion technology, or depending on the raw resource used, as indicated in
Supplementary Table 1. For example, single-crystalline solar panels reportedly have a lower
EROI than panels using cadmium telluride’. Here, we simplify the calculations of the EROI of
photovoltaics (PV) and wind power, which consist of multiple technological configurations,
by using a single “representative technology” that aims to capture the average properties of the
entire technological space. The energy requirements of the representative PV/wind-power
technology are estimated by an inter-quartile range of EROI values from the case studies that
feature different technologies listed in Supplementary Table 1.

Third, studies estimate the EROIs of energy conversion technologies in different
geographical and temporal settings. Some studies estimate the EROI values of a particular
energy generation project, whereas other studies estimate the average regional or global EROI
values of a particular energy technology. A study design that quantifies the EROI of the best
available technology under the most favourable conditions for energy generation will arrive at
higher EROI estimates than a study aiming to quantify the global average EROI of that same
technology. For example, the EROI of PV in a mid-latitude country is lower than in a low-
latitude country because there is less solar irradiation in the mid-latitudes®®.
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Supplementary Fig. 1: Dynamic EROIrn of power generation and hydrogen technologies. The figure shows
our EROI calculations for different power generation technologies and how they change over time. A range of
EROI values from the peer-reviewed literature is shown next to our estimates. The full range of estimates is
depicted by the error bar. The EROI values of different technologies that are used in our EROI-scenarios are shown
with different markers. The depicted EROI values are averaged across fourteen scenarios and over the respective
decade as indicated in the legend. For some technologies we did not find any EROI studies in the literature.
Abbreviations: wCCS = with carbon capture and storage, Bio-H; = hydrogen from biomass, Bio-H;, wCCS =
hydrogen from biomass with carbon capture and storage, e- to H, = hydrogen from electrolysis.
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Supplementary Fig. 2: Dynamic EROIrin of energy conversion into liquids, gases, and solids. The figure
shows the range of our EROI calculations for different energy generation technologies and how they change
over time. The full range of estimates is depicted by the error bar. The EROI values of different technologies
that are used in our EROI-scenarios are shown with different markers. A range of EROI values from the peer-
reviewed literature is shown next to our estimates. The depicted EROI values are averaged across fourteen
scenarios and over the respective decade as indicated in the legend. For some technologies we did not find any
EROI studies in the literature. Abbreviations: wCCS = with carbon capture and storage, Bio to oil = biomass.



Supplementary Table 1: EROlrin values from literature at the final energy (point-of-use) boundary.

Energy Conversion

Teslinalay EROIrin Value Location/Type Reference
Coal to electricity 3 Global? Brockway et al., 2019°
35 UK® Raugei and Leccisi, 2016°
7 Chile® Raugei, 2019!
10 Indonesia® Raugei, 2019!
12 Columbia® Raugei, 2019!
6 USAP Raugei and Leccisi, 2016°
8 GlobalP Kubiszewski, 2010%°
9-16 Global® Hall et al., 2014
9.2-13.8 Global® Sgouridis et al., 20192
17 Globalb King and ;/OalnBIgen Bergh,
12.2-24.6 Global® Raugei et al., 2012
6.0-11.9 Global Our present-day estimate
Coal to electricity with o
ccs 6.1-8.6 Global® Sgouridis et al., 2019*2
13 Globalb King and ;glfglljsen Bergh,
4.9-9.5 Global Our present-day estimate
Oil to electricity 1.7 UK®P Raugei and Leccisi, 2016°
2 Chile® Raugei, 2019*
3 Colombia® Raugei, 2019!
7 Globalb King and ;/gTSBen Bergh,
3.7-10.6 Global® Raugei et al., 2012
1.6-2.8 Global Our present-day estimate
Gas to electricity 11-14 UK® Raugei and Leccisi, 2016°
10 USAP Murphy and Hall, 2010%°
27 Global® Sgouridis et al., 20192
6 Global® Hall et al., 2014
8 Global® King and ;/(?{18I133en Bergh,
5.4-15.9 Global Our present-day estimate
Gas to electricity with CCS 17.3 Global® Sgouridis et al., 20192




King and Van Den Bergh,

7 Global® 201813
4.7-12.2 Global Our present-day estimate
Biomass to electricity 1.1 UKP Raugei and Leccisi, 2016°
2342 UKb F.ajardy a;gll\B/llzé\c Dowvel,
10 Globalb King and ;/;PBBen Bergh,
1.2-41 Global Our present-day estimate
Biomass to Ce:ICe:(;tricity with 0.3.2.7¢ UK® Fajardy a;glgﬂlgc Dowel,
0.9-3.2 Global Our present-day estimate
Geothermal electricity 9 Iceland® Atlason agglLéT? thorsson,
7 Global® Kubiszewski, 2010%°
9 Global® Hall et al., 2010
7-9 Global Our present-day estimate
Hydropower 34-87 UK® Raugei and Leccisi, 2016°
12 Global® Kubiszewski, 2010%°
65-104 Global® Hall et al., 2014
13 Global? Castro and;(:)z%gllan-Perez.
13-87 Global Our present-day estimate
Nuclear electricity 30 UK®P Raugei and Leccisi, 2016°
9-16 Global® Kubiszewski, 2010%°
11-17 Global® Hall et al., 2014
9-30 Global Our present-day estimate
Photovoltaics®
cSi 2.2-5.7 UK®P Raugei and Leccisi, 2016°
cdTe 5.8-14.7 UKP Raugei and Leccisi, 2016°
cSi 6-8 Columbia® Raugei and Leccisi, 2016°
cdTe 12-19 Columbia® Raugei and Leccisi, 2016°
cSi 5-11 USAP Raugei and Leccisi, 2016°
cdTe 11-26 USAP Raugei and Leccisi, 2016°
9-10 Switzerland® Raugei et al., 2017°
6 Global® Kubiszewski, 2010°




6-12 Southern Europe® Raugei et al., 20124
10.4-12.2 Germany® Steffen and Hirscher, 201818
20-5.7 Global Castro andZ%e;%ezllan-Perez,
7 Belgium® Limpenszzq%fgeanmart,
7.8¢ Global® Louwen et al., 2019%°
6.0-9.5 Global Our present-day estimate
Wind power® 15-28 Global (onshore)® Raugei and Leccisi, 2016°
16-30 Global (offshore)® Raugei and Leccisi, 2016°
19.8 Global (operational®) Kubiszewski, 2010%°
25.2 Germany® Steffen and Hirscher, 201828
47 Global (offshore)® Castro andZ%Z%%IIan-Perez,
58 Global (onshore)? Castro andZ%Z%%IIan-Perez,
8.9 Global (onshore)® Dupont et al., 20182
12 Global (offshore)® Dupont et al., 2018%
11-12 Belgium® Limpensz:z)q%fgeanmart,
5.8-18.0 Global Our present-day estimate
Biomass to Hz 1.8-6.0 Global Our present-day estimate
Biomass to Hz with CCS 1.6-5.4 Global Our present-day estimate
Electricity to Hz 1.7 Global (using PV electricity)® Sathre et al., 201422
2.3 Global (using PV electricity)® Sathre et al., 2016%
<1.0 Global (using PV electricity)® Hacatoglu et al., 201224
1.4-6.0 Global Our present-day estimate
Natural gas 30 UK®P Raugei and Leccisi, 2016°
12 USAP Yaritani aggllzl/lzgtsushlma,
18 Global® Gagnon et al., 2009%
19 Globalb King and ;/()ellrlsgen Bergh,
20 Global® Hall et al., 2014
3.5-65 China® Feng et al., 2018%7
9.7-32.2 Global Our present-day estimate
Coal to gas 8.7-18.3 Global Our present-day estimate




Biomass to gas®

Grass 0.6-3.2 Finland® Usitalo et al., 201728
Barley, Oat and Wheat 0.4-1.5 Finland® Usitalo et al., 20172
Ethanol
Wood 0.7-4.0 Finland® Usitalo et al., 201728
Wood 1.8-4.4 Switzerland® Felder and Dones, 20072°
1.7-6.1 Global Our present-day estimate
Oil 6.1 UK® Raugei and Leccisi, 2016°
3-4 California® Brandt, 2011%°
8 Global? Brockway et al., 2019°
4.1 Global® Hall et al., 20093
8 Colombia® Raugei, 2019!
6 Chile® Raugei, 2019!
3.5-8 China® Feng et al., 2018%
4.9-8.9 Global Our present-day estimate
Coal to oil 3.7 China® Kong et al., 2015%
5.4-10.5 Global Our present-day estimate
Coal to oil with CCS 2.4 China® Kong et al., 2015%
5.5-11.0 Global Our present-day estimate
Natural gas to oil 5.1-15.9 Global Our present-day estimate
Natural gas to oil with 5.1-10.5 Global Our present-day estimate
CCS
Biomass to oil®
Ethanol from corn 0.5 USAP Hall et al., 2009
Ethanol from corn 1.0 USAP Murphy et al., 2011%
Ethanol from corn 1.3 USA2b De Castro et al., 20143
Biodiesel 15 USA2P De Castro et al., 20143
Palm oil 3.0 Global®® De Castro et al., 20143
Ethanol f;zz:jlsit%rgicellulosic 5.1-5.6 IndiaP Mandade and Shastri, 2019%
1.2-43 Global Our present-day estimate
Biomass to oil with CCS 1.0-3.7 Global Our present-day estimate




Biomass to solids?

Biomass pellets 4.6 UKP Raugei and Leccisi, 2016°
Biomass pellets 3.6 UK and EUP Fajardy aggll\gﬂlgc Dowel,
Biomass chips 15.9 UK and EUP Fajardy and Mlzé\c Dowvel,
2018

Biomass chips 18.5-25 Croatia® Pandur et al., 2015%

Solid wood 20 Global® Dale et al., 20123738
3.1-11.7 Global Our present-day estimate
Coal to solids 11 UKP Raugei and Leccisi, 2016°

20 Chile® Raugei et al., 2018%°

. Aguirre-Villegas and

b
26 Indonesia Benson, 201740
9.2-14 China® Feng et al., 2018%

15.4-34.7 Global Our present-day estimate

Notes: As indicated by location identifier, some studies estimate the EROIgn of energy infrastructure at a specific
location, whereas others aim to quantify the average regional or global EROIg of the energy conversion technology.

2 Studies that use an input—output methodology to quantify energy requirements.
b Studies that use a process-based methodology to quantify energy requirements.

¢ Here, we estimate the EROI values of PV by converting the values of “energy payback time”, as calculated by
Louwen et al.,?° into the EROIgn. To estimate EROIg iy, we divide the expected lifetime of PV by its energy payback
time, and multiply it with the conversion factor from primary energy to electricity of 0.311. This approach is consistent
with the EROI convention of reporting the sum of energy inputs at the final energy boundary without converting them
into primary energy equivalents.

4 The EROISs of these energy generation technologies can differ depending on the specific technology (PV and wind
power) or depending on the raw fuel (biomass type).

¢ Here, we estimate the EROI values of bioelectricity with CCS by converting the values of “electricity return on
investment” (E|ROI), as estimated by Fajardy and Mac Dowell*®, into the EROIgn. The authors define the E/ROI as
the “ratio of generated electricity to the electrical energy equivalent of energy inputs” (PEeq). To estimate the EROIFn
we divide the PEeq by the average power generation efficiency of the grid, which gives us a first order estimate of
total energy requirements. This approach is consistent with the standard EROI convention of summing up all the
energy inputs from different energy carriers at the final energy boundary without converting them into primary energy
equivalents.

10



EROI estimates of different energy carriers and the overall energy system

Supplementary Figs. 1 and 2 and Supplementary Table 1 show our calculations of EROI
values for different energy generation technologies. In the EROI literature, energy generation
technologies are typically grouped together into different energy carriers like liquid fuels and
electricity, and energy technology groups (e.g. renewables and fossil fuels), making it possible
to analyse the effects of a particular energy policy on the EROI of different parts of the energy
system (see Supplementary Table 2).

Supplementary Figs. 3 and 4, and Supplementary Table 2, show our EROI calculations
for electricity, liquid fuels, and the overall energy system for the four illustrative pathways,
next to the calculations from the literature. The figures show that our model is broadly
consistent with the literature in the calculation of present-day EROI values. Only the EROI
estimates of fossil fuel carriers from Brockway et al. are different from our present-day EROI
estimates. As already explained in the section “EROI estimates of different energy generation
technologies”, this difference is due to methodological differences between our process-based
approach and the input—output approach used by Brockway et al.

The general trend observed in all the pathways is that the EROI of the overall energy
system changes little from the present-day values. However, significant changes occur in the
EROI of the two main energy carriers. The EROI of liquid fuels declines in the LED, S2-M,
and S5-R pathways, as the EROI of oil declines as well as it becomes partly substituted by
biofuels, which have comparatively lower EROI. The exception here is S1-A pathway where
the EROI of liquid fuels remains unchanged, as this pathway does not consider the substitution
of oil for biofuels (Supplementary Fig. 3). Low EROI of liquid fuels after the transition to
biofuels means the production of liquid fuels may require similar amounts of energy to the net
energy value of fuels produced. The EROI of electricity declines during the initial push for the
transition, from 2020 to 2040, when the scale of low-carbon energy infrastructure is expanded
dramatically, but increases substantially after 2040. The divergence in the EROIs between
liquid fuels and electricity in the long term could incentivise a deeper shift in the economy
from liquid fuels to electricity and hydrogen.

Supplementary Fig. 4 shows major differences in the EROI values for electricity
between different technology groups. The EROI values of electricity from fossil fuels and low-
carbon energy sources, which are comparable in 2020, begin to diverge during the transition.
The EROIs of low-carbon electricity increases substantially after 2040, whereas the EROI of
fossil fuel electricity gradually declines, due to a declining EROI of fossil fuels at the primary
energy stage and a decrease in the use of existing fossil fuels infrastructure. The EROI
electricity from bioenergy remains low and may over certain periods drop below the net-energy
cliff where EROI = 1.

In future projections, the EROI values vary substantially between different illustrative
pathways, which demonstrates the important effect of different endogenous modelling
assumptions from different IAMs.

11
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Supplementary Fig. 3: EROI envelopes of different energy carriers and the overall energy system. The
figure shows the full range of our EROI estimates for the two main energy carriers, which are electricity and liquid
fuels, and the EROI of the overall energy system. The EROI envelopes depict the full scenario space of our EROI
trajectories, ranging from the low-EROI to the high-EROI scenario. EROI estimates from the peer-reviewed
literature, which are summarised in Supplementary Table 2, are shown next to our estimates. The figure also
shows the line where EROI = 1, below which the energy carrier becomes a net energy sink, meaning the amount
of energy delivered is lower than the amount of energy required to generate the energy carrier.
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Supplementary Fig. 4: EROI envelopes of electricity from different technology groups. The figure shows the
full range of our EROI estimates for different power technologies. The EROI envelopes depict the full scenario
space of our EROI trajectories, ranging from the low-EROI to the high-EROI scenario. EROI estimates from the
peer-reviewed literature, which are summarised in Supplementary Table 2, are shown next to our estimates. The
figure shows the line where EROI = 1, below which the electricity from the technology group becomes a net
energy sink, meaning the electricity delivered has a lower energy value than the amount of energy required to
generate electricity by the respective technology.
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Supplementary Table 2: EROIlrin values from literature at the final energy (point-of-use) boundary.

Energy systems

Scenario assumptions

Estimated EROlrin

Reference

Solar and Wind

100% renewable power system in
Australia, backed by storage. The

i 41
(electricity only) study uses the EROI values of 59 Trainer, 2018
currently available technologies.
100% renewable power globally by
Solar and Wind 2060 backed up by stc?rage. The Capellan Perez et al.,
- study models the evolution of EROI From 3 to 5 2
(electricity only) . 2019
from renewable technologies over
time.
100% low-carbon power system in
Solar, wind and nuclear  Belgium, backed up by storage. The 5.4 Limpens and Jaenmart,
(electricity only) study uses the EROI values of ' 20181°
currently available technologies.
The study models the EROI in the
i 0 * T
Solar and wind energy system where 75% of the 6.2-6.8 Sgouridis et al., 2016

(electricity only)

energy is provided from renewables
by 2050.

Renewables, bioenergy,
and nuclear represent
approximately 60% of

total energy generation,

while fossil fuels
represent 40%.

Energy system in 2050 from the IEA
scenario that is consistent with 66%
of staying below 2 °C. The study
uses the EROI values of currently
available technologies.

From5.81t011.8

King and Van Den
Bergh, 2018%

Fossil fuels

The study calculates the existing
EROI values of energy carriers
generated from fossil fuels.

3 (electricity)
8 (petroleum and gas)

6.1 (all of the energy
carriers combined)

Brockway et al., 2019°

Fossil fuels represent
66% of power
generation, nuclear
19%, biomass 5% and
renewables 10%.

UK power grid in 2013.

54

Raugei and Leccisi.
2016°

“Here, we convert the EROI values from Sgouridis et al.,** which are reported in the primary energy equivalent
of electrical energy, by dividing the original EROI values ranging from 20-22, by the average power generation
efficiency of the UK grid. We use the efficiency of the UK grid from Raugei et al.,** which is the original reference
for the EROI of renewable energy technologies in the study of Sgouridis et al. This approach is consistent with
the standard EROI convention of summing up all the energy inputs from different energy carriers at the final

energy boundary without converting them into primary energy equivalents.
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Overview of EROI assumptions for different energy conversion technologies

Here, we provide a transparent overview of the qualitative assumptions for the EROI scenarios
of different energy technologies across the energy supply chain. Qualitative assumptions
provide a rough sketch of the underlying social, political and technological contexts of the
development and application of energy technologies in our EROI scenarios.

Supplementary Table 3: Fossil fuels

Transportation Construction, and Refining of Distribution and
EROI scenario Extraction and distribution operation of crude g” transmission
infrastructure losses
EROlst Energy required for Moderate
High-EROI median and Long trade routes the construction, and energy
declinin operation is assumed intensit
g P . y Endogenously
EROlst to be equal in all Moderate .
. . Moderately long . accounted in the
Median-EROI median and EROI scenarios, as energy L
. trade routes . . . IAM mitigation
declining these energy inputs intensity
pathways
EROlst assume only a small Moderate
Low-EROI median and Long trade routes share of total energy energy
declining requirements intensity

Supplementary Table 4: Bioenergy

Construction and

Transportation Biomass Distribution and

EROI scenario Extraction LR operation of - o
and distribution infrastructure quality transmission losses
Energy required for the | Moderate
. EROI Moderately lon
High-EROI ol yiong construction, and
median trade routes e
operation is assumed to Endogenousl
. EROlst Moderately long | be equal in all EROI Moderate genars’y
Median-EROI . scenarios. as these accounted in the
median trade routes ' IAM mitigation

energy inputs assume
only a small share of
Low-EROI EROIst low | Long trade routes | total energy
requirements

Low pathways
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Supplementary Table 5: Photovoltaics and wind energy

EROI scenario

Construction, operation
and maintenance of
infrastructure

Resource quality distribution

Distribution, transmission,
and storage losses

High innovation results in a
fast decrease of the energy

Resource management prioritises
high energy yields over other
objectives (e.g. conservation of
nature reserves), and low public

High-EROI required to construct, .
maintain, and operate reS|_stance to re_neV\{abIe energy_
renewable energy systems prOJect§ result in high energy yields
at the sites of most abundant
resource density
Resource management strikes a
balance between high energy yields
and oteher objectives. Public
Moderate innovation results | resistance to renewable energy
in a moderate reduction of projects is limited to the areas of
Median-EROI the energy requirt-ed to high proximity -to urban ceptres and
construct, maintain, and areas of recognised ecological
operate renewable energy value. These conditions mean that
systems energy yields of energy
infrastructure are relatively high,
but bellow the maximum tehnical
potential
Resource management strikes a
balance between high energy yields
and oteher objectives. Public
Moderate innovation results | resistance to renewable energy
in a moderate reduction of projects is limited to the areas of
Low-EROI the energy required to high proximity to urban centres and

construct, maintain, and
operate renewable energy
systems

areas of recognised ecological
value. These conditions mean that
energy yields of energy
infrastructure are relatively high,
but bellow the maximum tehnical
potential

Endogenously accounted in
the IAM mitigation
pathways
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Supplementary Table 6: Nuclear energy, hydropower, and geothermal energy

EROI scenario

EROQOI assumptions

Distribution and
transmission losses

The upper quartile of present-

High-EROI day EROI values

Median-EROI Median of present-day EROI
values

Low-EROI The lower quartile of present-

day EROI values

Endogenously accounted in the
IAM mitigation pathways
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Supplementary Table 7: Hydrogen from electrolysis

EROI scenario

Energy system conversion
efficiency

Distribution and
transmission losses

High-EROI

High innovation leads to very
high efficiency improvements
of electrolysis and reduced
energy requirements of a
hydrogen fuel cell

Median-EROI

Moderate innovation results in
high efficiency improvements
of electrolysis and lower energy
requirements of a hydrogen fuel
cell

Low-EROI

High innovation leads to very
high efficiency improvements
of electrolysis and reduced
energy requirements of a
hydrogen fuel cell

Endogenously accounted in the
IAM mitigation pathways

18



Supplementary Table 8: The fourteen scenarios used in our study

Scenario Narrative Integrated Assessment Model  Abbreviations
LED - Low Energy Demand?#4° MESSAGE GLOBIOM LED
S1- Sustainable Development*6-48 IMAGE S1-1
AIM S1-A
GCAM4 S1-G
MESSAGE GLOBIOM S1-M
REMIND MAgPIE S1-R
WITCH S1-wW
i 46,47,49
S2 — Middle of the Road AIM S2-A
GCAM4 S2-G
MESSAGE GLOBIOM S2-M
REMIND MAgPIE S2-R
S4 — World of deepening
Inequality®47:%° WITCH S4-W
S5 — Fossil-fuelled GCAM4 S5-G

development#64751
REMIND MAgPIE S5-R

Note: The table provides a list of fourteen scenarios used in our study and their abbreviations. We group the
scenarios according to their scenario narratives. Scenario narratives underpin the Shared Socioeconomic
Pathways (SSPs) and outline different socioeconomic developments. SSP narratives lay out basic assumptions
on technology developments, lifestyle changes, and resource availability. The assumptions from SSPs are then
used in integrated assessment models (IAMs) to produce the mitigation pathways that are compatible with the
climate target of stabilising climate change below 1.5 °C by 2100. LED is a scenario that was produced after the
release of the SSPs and is based on a “low-energy narrative” that is distinct from any of the SSP narratives.
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Supplementary Fig. 5: Energy system emissions for the fourteen scenarios compatible with 1.5 °C. Energy
system emissions (orange columns) are compared to total cumulative emissions (blue columns). Orange error bars
indicate the spread of energy system emissions calculations from high- to low-EROI scenarios.
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Supplementary Fig. 6: Cumulative energy use and energy system emissions from different energy
technologies for scenarios compatible with 1.5 °C. (a) Total amount of energy consumption in the period from
2020 to 2100. Individual technologies are aggregated together depending on the energy generation type. Scenarios
in all the panels are ordered by energy consumption. (b) Total amount of energy system emissions for the median
EROI assumption. (c) The share of emissions for the energy system from each energy source for the median EROI
assumption.

Notes: The speed of decarbonisation in different scenarios can be approximated from the cumulative energy
system emissions from fossil fuels without carbon capture and storage (Panel a). The speed of decarbonisation is
roughly speaking inversely proportional to the cumulative use of fossil fuels without CCS (Panel b). Note that
BECCS produces a relatively small amount of energy (Panel a), but represents a major source of energy system
emissions in the majority of scenarios (Panels b and c).
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Supplementary Table 9: Panel data analysis of the factors that drive energy system emissions

Annual Energy System Emissions (GtCOz/year)

2020-2040 2041-2100
Energy Use (EJ/year) 0.0081*** 0.0042***
(9.714e-05) (0.0002)
Share of Conventional Fossil Fuels (%) 0.0120*** 0.0896***
(0.0018) (0.0026)
1/EROI (%) 0.1397*** -0.0436%**
(0.00413) (0.0096)
Constant -2.7540*** -0.0069***
(0.0544) (0.0013)
Number of Observations 294 840
R? (Between Scenarios) 0.992 0.880

Note: We performed an OLS regression with time fixed-effects on average annual energy system emissions for
three energy system emissions factors. We conducted separate analyses for the 2020-2040 and 2041-2100
periods. Robust standard errors are shown in parentheses. *** p < 0.001.
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Supplementary Fig. 7: Boundaries of net energy analysis and energy flows along the energy supply chain.
The figure illustrates how different technologies convert energy from the primary energy stage to the final energy
stage, where net energy is delivered to society. At the primary energy stage, raw resources are extracted, or
harvested, before being sent to energy conversion or energy processing facilities like power plants and refineries
at the secondary energy stage. This is the energy system boundary for calculating the EROI at the standard energy
system boundary (EROlsr). The secondary energy stage is where most of the useful energy carriers are generated.
The total amount of energy generated at this stage is known as the gross final energy. A fraction of gross final
energy is “lost” during the distribution and transmission to end users. A fraction of the remaining final energy is
used by the energy system itself (e.g. for extraction, conversion, and the delivery of energy to the end users). Some
of the final energy is also used by the industry to produce new energy infrastructure that replaces the obsolete

infrastructure. The remaining energy that goes to society is defined as net energy.
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Supplementary Table 10: Model parameter values

Parameter Abbreviation Specification Val;lneag(r;m- Unit Reference
Energy intensity . 4520 GJ/million Sgouridis et al.,
of capital $US2015 2019%?

Capital costs of c $/ per KW of
infrastructure L installed capacity
Coal to electricity 2200 REMIND5253
Coal to electricity -
WCCS 2800 REMIND
Oil to electricity 1000 Our assumption
Gas to electricity 950 REMIND5253
Gas to electricity e
WCCS 1350 REMIND
Biomass to 2450 REMIND3253
electricity
Biomas to 5253
electricity wCCS 3150 REMIND
Natural gas 02 Our assumption
Coal to gas 1440 REMIND5253
Biomass to gas 1200 REMIND5253
Qil 02 Our assumption
Coal to oil 1740 REMIND5253
Coal to oil wCCS 1820 REMIND5253
. Larson et al.,
Gas to oil 1030 20125¢
Gas to 0il WCCS 1230 Larson etal.,
20125
Biomass to oil 3000 REMIND®253
Biomass to oil
REMIND5253
wCCS 3600
Coal to solids 02 REMIND5253
Biomass to solids 02 REMIND®253
Biomass to Hz 1680 REMIND®2%3
Biomass to Hz 5253
WCCS 2040 REMIND
Operation and c $/ per GJ of
Maintenance costs o&M generated energy
Coal to electricity 4.0 REMIND5253
Coal to electricity
. REMIND?5253
wCCS 53
Oil to electricity 7.0 Our assumption
Gas to electricity 2.1 REMIND?5253
Gas to electricity -
WCCS 2.9 REMIND
Bloma_ss_ to 51 REMIND5253
electricity
Biomas to
52,53
electricity wCCS 6.9 REMIND
Natural gas 02 Our assumption
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Coal to gas 1.4 REMIND5253
Biomass to gas 1.9 REMIND5253
Qil 0 Our assumption
Coal to oil 4.2 REMIND5253
Coal to oil WCCS 5.0 REMIND5253
Gas to oil 1.2 Our assumption
Gas to oil wCCS 15 Our assumption
Biomass to oil 4.2 REMIND®253
Biomass to oil 553
WCCS 5.4 REMIND
Coal to solids 02 Our assumption
Biomass to solids 02 Our assumption
Biomass to H: 5.7 REMIND5253
Biomass to H2
. REMIND?5253
wCCS 68
Rate of decay Be % per year
Brockway et al.,
Coal 2.2 20195
Brockway et al.,
Gas 16 20195
. Brockway et al.,
oil 11 20165
Energy
conversion Ne Dimensionless
efficiency
Coal to electricity (0.41-0.50)® REMIND5253
Coal to electricity b .
WCCS (0.33-0.43) REMIND
QOil to electricity 0.35 IPCC, 20075
Gas to electricity (0.56-0.63)° REMIND5253
Gas to electricity b 5253
WECS (0.49-0.56) REMIND
Bi
omass to (0.37-0.46)° REMINDS258
electricity
Biomas to
.. .28-0.35)P REMIND?5253
electricity wCCS (0.28-035)
Natural gas 1.0¢ Our assumption
Coal to gas 0.6 REMIND5253
Biomass to gas 0.55 REMIND5253
Qil 1.0 Our assumption
Coal to oil 0.40 REMIND5253
Coal to oil wCCS 0.40 REMIND?®253
Larson et al.
. i b )
Gas to oil (0.53-0.58) 20125
Larson et al.
i -53- b ’
Gas to 0il wCCS (0-53-0.58) 20125
Biomass to oil 0.40 REMIND5253
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Biomass to oil

52,53
WCCS 0.41 REMIND
Coal to solids 1.0 Our assumption
Biomass to solids 1.0 Our assumption
Biomass to H: 0.61 REMIND®253
Biomass to Hz 5253
WCCS 0.55 REMIND
Meili et al.,
Energy intensity 2018%
of oil refinery per UREF 3.89(2.89 -4.5)d MJ/kg Jing et al., 202057
kg output Raugei and
Leccisi, 20168
Higher heating HHY MJ/kg
value
Raugei and
Coal 252 Leccisi, 2016°
Raugei and
Natural gas 38.3 Leccisi, 2016°
. Raugei and
Oil (petroleum) 45.8 Leccisi, 2016°
Biomass — .
miscgn tf?lst and 18.4 (17.3- Fajardy and Mac
21.2)¢ Dowel, 201758
wheat straw
Energy intensity
of transportation YTRA,j MJ/tkm
per tonne km
Shipping (bulk) 0.11 Ecolnvent v3.2%°
Shipping (tanker) 0.06 Ecolnvent v3.2%°
Shipping (LNG) 0.37 Ecolnvent v3.25°
Oil pipeline 0.63 Ecolnvent v3.25°
offshore
Oil pipeline 0.18 Ecolnvent v3.2%°
onshore
Gas pipeline 0.35 Ecolnvent v3.2%°
offshore
Gas pipeline 0.35 Ecolnvent v3.2%°
onshore
Truck >32tonnes 1.26 Ecolnvent v3.2%°
Truck >16tonnes 1.93 Ecolnvent v3.2%°
Rail 0.14 Ecolnvent v3.2%°
Barge 0.52 Ecolnvent v3.25°
Lifetime of
. T years
infrastructure
Coal to electricity 35 REMIND5253
Coal to electricity 5253
WCCS 35 REMIND
Oil to electricity 35 Our Assumption
Gas to electricity 35 REMIND5253
Gas to electricity 5253
WCCS 35 REMIND
Biomass to 40 REMINDS253
electricity

26



Biomas to

. 40 REMIND5253
electricity wCCS
Natural gas 35 REMIND5253
Coal to gas 35 REMIND5253
Biomass to gas 35 REMIND5253
Oil 30 CAPPS0
Coal to oil 35 REMIND®253
Coal to oil wCCS 35 REMIND5253
. Larson et al.,
Gas to oil 35 20125¢
. Larson et al.,
Gas to 0il WCCS 35 20125¢
Biomass to oil 35 Our assumption
Blouaz:ss:tso oil 35 Our assumption
King and Van
Coal to solids 45 Den Bergh,
20181
Biomass to solids 35 Own assumption
Biomass to H: 35 REMIND5253
BIOﬂV’\lIaCSZtSO H2 35 REMIND?5253
Gegg\‘l‘:g”al 30 REMINDS25%
Hydropower 70 REMIND5253
Nuclear power 40 REMIND5253
Photovoltaics 30 REMIND5253
Windpower 25 REMIND5253
Electricity to H2 30 Own assumption
Operation share
of energy QAtech Dimensionless
requirements
Geothermal 0.95 Atlason et al.,
power ' 20137
Arvesen et al.,
Hydropower 0 201861
Arvesen et al.,
Nuclear power 0.904 201861
. Arvesen et al.,
Photovoltaics 0.01 201861
Arvesen et al.
. . ,
Windpower 0.1215 201861
Electricity to H2 1.0 Our assumption
Experience b Dimensionless
parameter
. 0.235 (0.193- Steffen et al.,
Photovoltaics 0.278)0 201818
Windoower 0.015 (-0.036- Steffen et al.,
P 0.066)? 20181
Energy stored on Hydrogen fuel h . . Pellow et al.,
energy invested ESOI cell 59 (65-68) Dimensionless 201562
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Electrolyser 0.78 (0.70- Dimensionless Pellow et al.,
efficiency Myz 0.85)" 20156
Fuel cell 0.60 (0.47- Dimensionless Pellow et al.,
efficiency fre 0.72) 201562
?oyn(:r(;gssr;on 0.89 (0.93- Dimensionless Pellowetal,
P Mcomp 0.96)" 201562
efficiency
Full Hz system 0.442 (0.303- Dimensionless Pellow et al.,
efficiency Msys 0.591)" 201562
Carbon intensity
of energy o {COA/G]
conversion
technologies
Coal 0.0957 REMIND5253
Coal wCCS 0.00957 REMIND®253
Qil 0.0675 REMIND?5253
Gas 0.0561 REMIND5253
Gas wCCS 0.00561 REMIND5253
Biomass 0 REMIND5253

Notes: @ Capital costs and operation and maintenance costs of energy infrastructure for indicated technologies are
already accounted for in EROlsr at the standard boundary, therefore the value is 0.

® Minimum values of energy conversion efficiencies represent the technological efficiencies of energy infrastructure
built in year 2005, whereas maximum values correspond to the efficiencies of infrastructure build after 2050, as
assumed in the REMIND IAM documentation. For energy conversion efficiencies of energy infrastructure build
between 2005 and 2050, we use a linear interpolation between the values of 2005 and 2050.

¢ Energy conversion efficiencies equal 1.0 when there is no energy conversion loss. We assume zero losses for natural
gas and oil, as we use the data at the secondary energy stage which already accounts for conversion losses. We also
assume zero losses for biomass and coal, which is consistent with the energy conversion in the majority of mitigation
scenarios that were analysed.

d Lower value for energy intensity of oil refinery are taken from Meili et al.,® median value is taken from Jing et al.,>’
and the high value is taken from Raugei and Leccisi®.

¢ The range of HHV values for biomass is taken from the HHV values of miscanthus, and wheat straw, according to
Fajardy and Mac Dowel®®.

f Here, the operation share of energy requirements for wind power is estimated as an average of operation shares for
offshore and onshore wind-power, calculated by Arvensen et al5t,

9 Experience parameters for PV and Wind power are calculated following the approach of Steffen et al'®. We calculate
the experience parameter b from the “invested energy data” provided in Figure 1 of the latter study. In the calculation
of experience parameters, we do not account for the improved efficiency of energy generation, as these improvements
and their effects on the EROI are already endogenously included in the energy generation data from the mitigation
scenarios.

" Parameters of hydrogen generation from electrolysis were obtained from the Table 1 (compressor efficiency) and
Table 3 (ESOI, electrolyser efficiency, and fuel cell efficiency) of the study by Pellow et al®2. The system efficiency
parameter was calculated using the Supplementary Equation 11 from the “Note on energy requirements of hydrogen
from electrolysis”, which was derived from the same study.
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Note on EROlst estimates from literature

We constructed a database of EROI values for different energy fuels at the standard energy
system boundary by conducting a Google Scholar search using the following queries: “EROI + fuel
type” (e.g. “EROI + biomass™), and “net-energy analysis”. We collected all studies containing EROI
calculations for the raw fuels included in our study. Furthermore, we manually checked the studies cited
in the relevant EROI review literature!!33386364

Of the 39 studies obtained, we eliminated studies with ambiguous EROI methodologies or
boundaries that did not fit those defined in our study. We also excluded studies that used EROI estimates
originating from studies we had already selected, to avoid double-counting. EROI data from the
remaining 23 studies, listed in Supplementary Table 10, were used for the interquartile analysis
producing low, median, and high-EROlsr estimates for the raw energy fuels in our model. The EROlsr
values are used to calculate the energy required for the extraction, mining, or harvesting of raw fuels
and should not be confused with the EROIrn estimates reported in Supplementary Table 1, which
include additional energy requirements for the conversion of raw fuels into useful energy carriers and
their delivery to consumers at the final energy stage.
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Supplementary Table 11: Overview of EROlst estimates from the literature at the standard energy
system boundary alongside our calculations

Energy resource

EROIst value

(min/median/max)

Location/Origin

Reference

Coal
46 USA Raugei and Leccisi, 2016°
60 Colombia Raugei and Leccisi, 2016°
27 UK Raugei and Leccisi, 2016°
18 Russia Raugei and Leccisi, 2016¢
40-55 Global Hall et al., 20141
60 USA Hall et al., 2014
27 China Hu et al., 2013%
80 USA Murphy and Hall, 2010%°
42 Global Dale et al., 20123738
28 Global Lambert et al., 201283
42 Indonesia Aguirre—Villzzgla;gnd Benson,
65 Chile Raugei et al., 2018%
23-58 Global Sgouridis et al., 2019%2
29 Global Brockway et al., 2019°
27142/59 Global 1Q-range® Our calculation
Oil 86 UK Raugei and Lecissi, 2016°
10 Algeria Raugei and Lecissi, 2016°
6 Nigeria Raugei and Lecissi, 2016°
49 Norway Raugei and Lecissi, 2016°
9 China Hu et al., 2013%
25 Colombia Yanez et al., 2018
24 Chile Raugei et al., 2018%
18 Global Cleveland, 2011°
13 Canada Poisson and Hall, 2013%8
11 USA Guiford et al., 2011%°
10-20 USA Murphy et al., 2011%
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24 Global Dale et al., 20123738
17 Global Lambert et al., 201283
18 Global Gagnon et al., 2009%
20 Global Hall et al., 201411
28 Global Brockway et al., 2019°
11/18/24 Global 1Q-range? Our calculation
Natural Gas
78 UK Raugei and Lecissi, 2016°
115 Norway Raugei and Lecissi, 2016°
294 Netherlands Raugei and Lecissi, 2016°
87 USA Sell et al., 20117°
17 USA Yaritani a;glll/lgtsushlma,
10 USAP Murphy et al., 2011%
20 Canada® Lambert et al., 20125
9 China® Hu et al., 2013%
13 Canada® Poisson and Hall, 2013%®
20 Canada® Lambert et al., 20125
11 USAP Guilford et al., 2011
53 Global Sgouridis et al., 2019*?
20 Global® Hall et al., 2014
18 Global® Gagnon, 2009%
29 Global Brockway et al., 2019°
13/20/78 Global 1Q-range? Our calculation
Biomass®
Pellets 3.1 USA Raugei and Lecissi, 2016°
Chips 54 UK Raugei and Lecissi, 2016°
Straw 45 UK Raugei and Lecissi, 20168
Solid biomass 20 Global Dale et al., 2012373
Chips 30 Croatia Pandur et al., 20153
Chips 14.4 North Europe Moriarty et al., 2016
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Wheat pellets 7.8/9.9/13.5¢ EU Fajardy and Mac Dowel, 20178
Switchgrass pellets 5.0/9.0/14.8¢ EU Fajardy and Mac Dowel, 20178
Miscanthus pellets 3.8/5.9/10.3¢ EU Fajardy and Mac Dowel, 20178

Willow pellets 2.1/2.5/2.7¢ EU Fajardy and Mac Dowel, 20178

Wheat pellets 7.8/9.5/13.5¢ USA Fajardy and Mac Dowel, 20178
Switchgrass pellets 5.0/8.1/14.8¢ USA Fajardy and Mac Dowel, 201758
Miscanthus pellets 3.8/5.6/10.3¢ USA Fajardy and Mac Dowel, 20178

Willow pellets 1.5/2.1/2.7¢ USA Fajardy and Mac Dowel, 20178

Wheat pellets 5.6/9.4/19.8¢ Brazil Fajardy and Mac Dowel, 20178
Switchgrass pellets 3.5/7.2/28.7¢ Brazil Fajardy and Mac Dowel, 20178
Miscanthus pellets 3.0/5.8/18.6¢ Brazil Fajardy and Mac Dowel, 201758

Wheat pellets 4.5/8.5/24.1¢ China Fajardy and Mac Dowel, 20178
Miscanthus pellets 3.2/13.3¢ China Fajardy and Mac Dowel, 20178
Switchgrass pellets 4.2/9.5/67.7° China Fajardy and Mac Dowel, 201758

Wheat pellets 4.3/9.5/13.1¢ India Fajardy and Mac Dowel, 20178
Miscanthus pellets 2.3/4.3/13.1¢ India Fajardy and Mac Dowel, 20178
Switchgrass pellets 2.2/5.4/25¢ India Fajardy and Mac Dowel, 20178

Dry Switchgrass 23 Canada Hall et al., 201172

Dry Switchgrass 38 USA Hall et al., 201172
Verge grass (natural drying) 45-60 Netherlands Voinov et al., 20157
Willow dcrr;ii[r)]z)(natural 83-102 Netherlands Voinov et al., 20157

Chips 20/26/38 Global 1Q-range? Our calculation

Pellets 1.9/5.5/9.2 Global 1Q-range? Our calculation

509% pellets, 50% chips 3.6/9.1/14.9 Global 1Q-range® Our calculation
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Notes: 2 We use the range of EROI values of each energy resource from the literature to calculate the inter-quartile
range of EROI values (IQR), consisting of: lower-quartile, median, and higher-quartile EROI values of the resource.
We use these estimates in the model to calculate the energy requirements for the extraction, mining or harvesting of
energy resources (raw fuels) before they are converted into useful energy carriers.

b EROI values for a combined extraction of oil and natural gas. Extraction of natural gas commonly takes place
alongside extraction of crude oil, therefore, many studies analyse energy inputs associated with the extraction of oil
and natural gas together and report a single EROI value for both fuels.

¢ EROI values of biomass include energy requirements of harvesting at the standard system boundary, and energy
inputs associated with processing, drying, and chipping or pelleting of biomass.

4 EROI estimates from Fajardy and Mac Dowel were adjusted by deducing from energy requirements the energy used
in the transportation of biomass. This was done to avoid the double counting of energy used in transportation when
calculating the EROI of energy conversion technologies from biomass using our method.

33



Supplementary Table 12: Energy requirements of the global transportation of liquid fuels, estimated

from the analysis of major global trade routes of crude oil and oil products.

Trade Route?

Distances (tkm)

Onshore
pipeline®

Offshore
pipeline®

Sea
freightd

Truck
freight®

Trade flow in
million tonnes
and (%)f

Energy
intensity of
transport
(MJ/kg)

References

Canada
(Edmonton)—
USA (Pine
Bend in
Minnesota)

1.88

0.1

269.4 (7.7%)

0.47

NRCAN™

Middle East
(Bagdad via.
Ceyhan) -
USA
(Houston)

1.07
(0.97 in the
Middle East

and 0.1in
Houston)

12,5

0.1

52.8 (1.5%)

1.07

Meili et al.,
20186

West-Africa
(Onne) - USA
(Houston)

0.24 (0.14

in Nigeria

and 0.1 in
USA)

0.02

11

0.1

33.8 (1.0%)

0.85

Meili et al.,
201856

Mexico
(Altamira)-US
(Houston)

0.2

0.2

0.9

0.1

32.3 (0.9%)

0.35

Meili et al.,
2018%

Brazil (Sao
Paulo)-China
(Quingdao)

0.1

0.2

20.5

0.1

68.5 (2.0%)

1.50

SeaRates’

Russia
(Taishet)-
China
(Skovorodino)

3.8

0.1

80.8 (2.3%)

0.81

Global energy
monitor’®

Middle East
(Abgaiq) —
China
(Shenzen)

0.1

0.02

9.4

0.1

244.8 (7.0%)

0.73

Sea Rates™

West-Africa
(Onne) -
China
(Shenzen)

0.14

0.02

17.3

0.1

91.8 (2.6%)

121

Sea Rates™

Middle East
(Mina via. Al-
Ahmadi) -
New
Mangalore

0.1

3.6

0.1

158.9 (4.6%)

0.36

Sea Rates™

West-Africa
(Onne) - India
(Jamnagar)

0.14

0.02

13.7

0.1

47.6 (1.4%)

0.99

Sea Rates™

Middle East
(Dubai) -
Japan
('Yokohama)

0.1

11.8

0.1

141.1 (4.1%)

0.86

Sea Rates™

Middle East

(Abqaiq) -
Singapore

0.1

0.02

0.1

56.7 (1.6%)

0.64

Sea Rates™

Long-distance
oil transport to
Europe

0.04

2.2

0.1

731.7 (21.0%)

0.65

Meili et al.,
201856
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Average
energy for
domestic
transport?
Weighted 3480.9 (100%) | 0.61+/-0.11
average
energy
intensity of
oil transport

0.6 0.04 0 0.1 0.26 Our calculation

Notes: 2 Selected trade routes represent some of the major destinations of global export and import of crude oil. We
divide the trade routes into four transportation segments (onshore pipeline, offshore pipeline, freight by tankers, and
freight by truck with the cargo capacity of 32 tonnes). Our approach broadly follows the methods and assumptions of
Meili et al .5

b For distances of oil transport in pipelines we used the information on existing pipeline networks that was available
in online documentation of pipeline networks, unless the distances were already provided in the study by Meili et al.%
For trade routes where oil is delivered to the refineries that are situated nearby the ports, we assume the onshore
pipeline value of 100 km.

¢ For trade routes where offshore oil fields represent the main share of oil extraction, we assume a generic offshore
pipeline value of 200 km, whereas for trade routes where offshore represents a small share of oil extraction, we assume
20 km, following Meili et al.®. For oil exports from oilwells based on the mainland, we assume the distance of offshore
pipelines to be zero.

755

d For transportation across the open sea, we used the application “Sea Rates’” which calculates the distances between

ports.
¢ We assume an average global distance of delivery by a truck from the refinery to the final user of 100km.

f We match the selected trade routes with the volume of transported crude oil and oil products obtained from “Oil:
Inter-area movements 2019” input and output table from the British Petroleum’s (BP) “Statistical Review of World
Energy 2020, According to the BP data tables on global oil production and trade, the selected trade routes transport
58% of globally produced crude oil and oil products. We calculate relative shares of global oil production that is
transported over a selected trade route and use them as relative weights to calculate the average global energy
requirement for transporting liquid fuels, as shown in Equation 13 of the Methods. The standard error of our global
intensity estimate is assumed to be the double of the standard deviation of the energy intensities in the selected trade
routes.

9 Domestic transport of oil corresponds to the 22.4% of global oil production for which the extraction, refining and
end-use take place within the same country. For domestic oil transport, we assume an average onshore pipeline
distance of 600 km, which is consistent with the average distance of the domestic oil transport in pipelines in the
USA8, an average offshore pipeline distance of 40 km as suggested for Europe by Meili et al.,5 and 0 km of sea.
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Supplementary Table 13: Energy requirements of the global transportation of natural gas, estimated

from the analysis of major global trade routes of natural gas.

Distances (tkm) Trade Share of Energy
a flow intensity of
Trade Route Onshore | Offshore Sea (million global gas transportat References
pipeline pipeline | freight tonnes) trade (MJ/kg)
. Ecoinvent
UK — Belgium 0.55 0.235 0 V3,059
UK — Ecoinvent
Switzerland 0.7 0.235 0 v3.2%°
K- Ecoi t
Net;JerIands 0.65 0.235 0 vgc;lsgven
Netherlands- Ecoinvent
Austria 08 0 0 v3 2I59V
Ne?;rr:ir;ds— 0.2 0 0 Eg(zlsr;vent
Nethe-ljllinds - 0.25 0.235 0 \Ifgozlsr;vent
Norway — Ecoinvent
Bel\giuym 0.1 065 0 v3 2I59V
Norway — Ecoinvent
SwitZZrIyand 145 0.65 0 v3 2I59V
Norway - Ecoinvent
Czechia 0.75 0.65 0 v3.2%
. Ecoi
Norway — Spain | 1.55 0.65 0 Vgoz'sngvem
e A PP
Switerond | 0% | 0 | o o
_ E i
R
European Ecoinvent
d‘;msstic 0.7 0.235 0 5.28% 0.32 » 2'59"
Algeria— Ecoinvent
Switzerland® 21 0.1 11 v3.2%
. . Ecoinvent
_ b
Algeria - Spain 1.2 0.1 0.6 V3,259
Ecoinvent
o b
Algeria — France 0.7 0.1 2.5 V3,059
Algeria — Italy? 1 0.1 1 Ecoinvent
g y ' V3,25
. Ecoi
Algeria- UK> | 0.7 0.1 2.1 Vgoz'sr;"em
NorEtE r?;'ca' 1 0.1 11 1.59% 0.79
] ] Ecoinvent
Russia - Belgium 6.1 0 0 V3,259
Russia - Sweden 5.6 0 0 Ecoinvent
' v3.2%°
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Ecoinvent

Russia - Poland 3.7 0 0 V3,259
. Ecoinvent
Russia - Italy 6.4 0 0 V3,259
. Ecoi t
Russia-EU° 5.85 0 0 5.720%¢ 2.02 peie
USA (Ford
Shale -Corpus our
Christi) — 0.1 0.02 9.6 0.48% 3.66 .
Europe Calculation
(Rotterdam)¢
Middle-East Schori et
0,
(Qatar)- Europe 06 0 100 1.04% 391 al., 20127
Central and our
South America 0.6 0 0.4 4.2% 0.35 .
domestice Calculation
Alberta - Quebec Ecoinvent
. 3800 9 0
(inside Canada) v3.2%
L Littlefield et
USA (inside) 1000 0 0 al., 20199
USA and our
Canada 1.3 0 0 24.6% 0.45 .
domestic Calculation
Middle East Ecoinvent
0,
domestic 0.2 0.02 0 14.2% 0.08 13.959
. . Ecoi
Russia domestic® | 2.5 0 0 14.6% 0.86 V?‘:Oz'sngvem
Russia (Siberia) — our
China 3 0 0 1.55% 2.42 .
(Shanghai)’ Calculation
Qatar — China h 0 Our
(Shanghai) 0.2 0 106 0-44% 3.99 Calculation
Australia (North
West Shelf) - h 0 Our
China 0 0.12 57 3.17% 215 Calculation
(Shanghai)?
Malaysia our
(Bintulu) — China 0 0.15 3,3" 2.04% 1.16 .
(Shanghai) Calculation
China (average) | 1.4 0.1 4.1 7.8% 2.05 our
Calculation
Weighted
average energy
intensity of 100*% 0.76+/-0.18
natural gas
transport
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Notes: 2 Selected trade routes represent some of the most important natural gas pipelines and sea freight routes for
liquified natural gas. We divide the trade routes into three transportation segments (onshore pipeline, offshore pipeline,
freight by ships). To estimate the energy required in the transportation of natural gas, we first calculate median
distances of natural gas across the transportation segments in each respective region. Estimates of median distances
in the regions are indicated in bold letters in the Supplementary Table 6. To obtain the energy used in the transportation
of natural gas in each respective region, we multiply median distances by the respective energy intensity coefficients,
provided in Supplementary Table 3. We obtained the distances for most routes from the Ecoinvent v3.2 database,
using the keywords: natural gas, high pressure, import from “xxx”.

b Natural gas from Algeria is transported to Europe in pipelines and in freight ships. The Ecoinvent database provides
the joint average transportation distance from both transportation modes while considering the shares of natural gas
that is transported in pipelines and in liquified natural gas (LNG) freight ships.

¢ In the calculations of energy requirements from trade routes that start in Russia, we also include the gas from other
former countries of the Soviet Union (CIS countries).

d For the transportation of natural gas from the USA to Europe, we choose the Eagle Ford natural gas field, Texas and
the main LNG export terminal in Corpus Christi®!, as Texas is the biggest producer of natural gas in the USA®. Only
a small fraction of natural gas is produced offshore, in the Mexican Gulf, therefore the average distance of offshore
pipelines in the respective transportation routes is estimated at 20 km, following the assumptions of the Ecoinvent
database.

¢ For the transportation of natural gas in Latin America in onshore pipelines we (conservatively) estimate an average
distance of 650 km. According to the BP table of major trade movements of natural gas, around 90% of natural gas in
this region is moved by land. For the remaining 10% which is transported in LNG freight ships, we chose the
representative trade route from Pampa Melchorita (Peru) to Manzanillo (Mexico) with a distance of 4700 km
according to the “Sea Rates”" distance calculator.

f Estimated distance is taken from the documentation on the main line of the Power of Siberia 1 pipeline®s.

9 For the transportation of natural gas from Australia, we chose the North West Shelf field, which is the main offshore
source of natural gas in Australia. The local port Karratha is where natural gas is liquified and loaded onto ships®.

P For the open sea trade routes, we used the application “Sea Rates” which calculates the distances between ports.

"Malaysia’s LNG terminal that is based in Bintulu is the country’s largest export hub for natural gas®. We used Google
maps to estimate the distance of the offshore pipelines in Sarawak to be 150 km. The distance from Bintulu to Shanghai
was estimated using “Sea Rates”.

I We match the selected trade routes with the volume of transported natural gas in pipelines and ships in the “Natural
Gas Trade Movements 2019” input and output tables from the BP’s “Statistical Review of World Energy 2020”77
According to BP’s data tables on natural gas production and trade, the selected trade routes transport 80% of globally
produced natural gas. We calculate relative shares of natural gas that is transported over a selected regional trade route
and use them as relative weights to calculate the average global energy requirement for transporting natural gas, as
shown in Equation 13 of the Methods. The standard error of our global intensity estimate is assumed to be the double
of the standard deviation of the energy intensities in the selected trade routes.
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Supplementary Table 14: Energy requirements of the global transportation of coal, estimated from the

analysis of major global trade routes of coal.

Trade Route? Distances (tkm) Trade | Share of !Energ_y References
Train | Barge | Lorry | Freight flow global cc_)al intensity of
(16-32 | ship (EJ)° production | transport
tonnes) | (bulk) ‘ (MJ/kg)
Domestic o Ecoinvent
Transport 13230 | 79.0% 0.15 3 o5
Indonesia 015 | 015 | 005 0 5.87 3.50% 257 Ec\f’3'“2‘{.§”t
Latin America | 0.2 0 0.008 0 0.43 0.26% 1.03 Ec\f’3'“2‘{.§”t
Australia 001 | 005 0 0 3.46 2.06% 0.59 Ecoinvent
v3.2%
China 0.645 | 0.09 | 0.005 0 | 7948 | 47.43% 1.03 E<§>3'“2V5§"t
Europe 045 | 03 0 0 629 | 3.75% 1.36 E‘f,o!f‘z‘gﬁm
India 042 | 0 0.05 0o | 1273 | 7.60% 1.41 Ecoinvent
v3.2%9
North America | 0.38 | 003 | 0005 | 0 | 1226 | 7.31% 1.14 R
Russia 08 | o 0 0 | 502 | 30% 0.50 v
South Africa | 021 | 0 | 0.6 0 | 418 | 249% 2.18 SO
International o Ecoinvent
Transport 3528 | 21.0% 0.89 V3 0%
Australia - | o0 | 0 23 6.3 0.39% 218 Ecoinvent
Europe v3.2
Australia ~ Ecoinvent
East Asia 0.25 0 0 9 1.71 3.76% 0.70 V3,259
(China) '
Australia- | o0 g 0 5 015 | 0.01% 2.00 Ecoinvent
Indonesia v3.2
Australia - o Ecoinvent
Laim pes | 025 |0 0 9 0 0.001% 1.12 s
Australia - 0 Ecoinvent
couth afica | 025 | 0 0 125 | 083 0.03% 0.79 s
Australia- | o op | g 0 10 647 | 050% 1.40 Ecoinvent
India v3.2
Indonesia - Ecoinvent
East Asia 0.4 0 0 4 0.07 3.86% 0.85 /e
. v3.2
China)
Indonesia - | 15 | 15 | 0,05 18 0 0.04% 1.40 Ecoinvent
Europe v3.2
Indonesia - 0 Ecoinvent
North Americs | 015 | 0.15 | 005 18 261 0.01% 1.07 3 ot
Indonesia- | 15 | 045 | 005 | 46 | 025 | 156% 1,62 Ecoinvent
India v3.2
Latin America Ecoinvent
_EastAsia | 08 0 0.008 17 0.84 0.15% 0.50 /e
. v3.2
(China)

Latin America | ) o 0o | o0.00s 9 003 | 0.50% 0.61 Ecoinvent
- Europe v3.2
Latin America | g 0 | 0008 | 20 0.3 0.02% 1.27 Ecoinvent
- India v3.2
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Latin America Ecoinvent
- North 0.8 0 0.008 6 1.29 0.18% 2.11 V3,25
America '
North America Ecoinvent
— East Asia 0.38 0.03 0.005 12 0.96 0.77% 1.43 V3,25
(China) '
North America | 55 | 03 | 0005 7 0 0.57% 257 Ecoinvent
- Europe v3.2
North America | 55 | (03 | 0005 | 16 6.47 | 0.24% 0.59 Ecoinvent
- India v3.2
North America Ecoinvent
- Latin 0.38 0.03 0.005 9 0.23 3.86% 1.03 V3,25
America '
North America 0 Ecoinvent
- South Africa 0.38 0.03 0.005 14 2.73 0.14% 1.36 V3.059
Russia — East 0 Ecoinvent
Asia (China) 2 0 0 2 2.54 1.63% 1.41 13,25
Russia — 0 Ecoinvent
Europe 2 0 0 3 0.22 1.52% 1.14 13,05
Russia— India | 2 0 0 9 016 | 0.13% 0.50 E<=V°3'“2V5§”t
South Africa—\ 26\ o | 016 | 154 | 003 | 0.10% 2.18 Ecoinvent
Europe v3.2
South Africa — 0 Ecoinvent
Latin America 0.76 0 0.16 9.25 6.3 0.02% 1.63 V3,259
Weighted
average 0.28
energy 167.58 100% © 18'—0 48)°
intensity of ' '
coal transport

Notes: 2 Selected trade routes represent the most relevant global trade routes of coal. We divided the trade routes
into four transportation segments (train, lorry, freight by ship, and freight by barge), following the methodology
from the Ecoinvent v3.2 database. Energy requirements for transportation using conveyor belt are neglected as
they are one order of magnitude lower than the other means of transportation. We obtained the distances for
domestic trade routes from the Ecoinvent v3.2 database, using the keywords: market for hard coal. For
international trade routes, we used the keywords: hard coal, import from “destination”, also from the Ecoinvent
v3.2 database.

b \We match the selected international trade routes with the volume of transported coal obtained from “Coal: Inter-
area movements 2019” input and output table from the BP’s “Statistical Review of World Energy 2020”77,
According to BP’s data tables on global coal production and trade, selected trade routes represent 21% of globally
produced coal. The remaining 79% of global coal production is transported and consumed domestically.

¢ We calculate relative shares of globally produced coal that is transported over a selected trade route and use
them as relative weights to calculate the average energy use for the domestic and international transport of coal,
as shown in Equation 13 of the Methods. For the lower-range estimate of energy intensity of global transportation
of coal, we deduct from the average energy intensity the standard error of the energy intensity of domestic coal
transport. For the upper range estimate we add to the median energy intensity of transporting coal, the standard
error of the energy intensity of the international coal transport. The standard errors of the domestic and
international energy intensity of coal transport is calculated as the standard deviation of the energy intensities of
the selected trade routes.
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Supplementary Table 15: Energy requirements of the global transportation of biomass, estimated from
the data on global trade in biomass pellets.

7 b
Distances (tkm) Trade Share of :Ergzrr]g?{[ o
Trade Route? Truck . Freight | flows global pellet y
(<32 tonnes) Train ship (ktonne) production transport
(MJ/kg)®
Canada — USA 0.1-0.4 0 185 0.80% 0.13-0.50
Canada — Europe 0.1-0.4 7 1290 5.60% 0.90-1.27
Canada — Japan 0.1-04 12 80 0.35% 1.45-1.82
Ca”aiié:c’”th 0.1-0.4 12 50 0.21% 1.45-1.82
USA — Europe 0.1-0.4 7 4550 19.78% 0.90-1.27
Europe domestic 0.1-0.4 0 6680 29.04% 0.13-0.50
Russia — Europe 0 24 3 1115 4.85% 2.855.34
Russfo;eiomh 0 24 2 70 0.30% 2.74-5.26
Ma'ay:';"r;asoum 0.1-0.4 4 115 0.50% 057-0.94
Vi ~South
'et”aKrgreaSOUt 0.1-0.4 3 600 2.60% 0.46-0.83
Domestic 0.1-0.4 0 8265 35.93% 0.30-0.50
Weighted
average intensity 100%* 0.36 - 0.74°
of biomass
tranSport

Notes: @ Trade routes as well as volumes of traded biomass are taken from the study by Junginger et al.® For
transportation of biomass we could not apply the approach applied for other energy resources because biomass
trade flows are not reported in the BP s “Statistical Review of World Energy 2020”report’’.

b For transportation across the open sea, we assume the same distances as in the corresponding trade routes from
the case study of coal (see Supplementary Table 7). For distances of biomass transportation via a truck or train,
we base the range of our assumptions on the estimates from life-cycle analysis literature: Fajardy and Mac Dowell,
20178, Fajardy and Mac Dowell, 20186, Pandur et al., 2015%, Raugei and Lecissi, 20166.

¢ We calculate the relative shares of the global pellet production transported over a selected trade route and use
them as relative weights to calculate the average energy intensity for biomass transportation, as shown in Equation
13 of the Methods. To obtain the energy used in the transportation of biomass in each respective trade route, we
multiply the distances by the respective energy intensity coefficients, provided in Supplementary Table 3. Our
estimates of average global energy intensity of biomass transport (0.36 — 0.74 MJ/kg) are comparable with the
estimates from recent studies by Hanssen et al.,8” who estimated 0.96 MJ/kg for the trade route from USA to
Europe or from Raugei and Lecissi, 2016°, who estimated 0.4 — 0.6 MJ/kg for the trade route from USA to UK.
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Note on EROIgin dynamics in fossil fuels and biomass technologies

The EROI of energy technologies changes over time due to a range of factors. For depletable
resources like oil and coal, energy requirements of extraction have increased over time due to declining
resource abundance and are likely to continue to increase in the future®8, This increase in energy
requirements has led to a decline in the EROI of fossil fuels at the primary energy stage®%°!, By
contrast, research and innovation have improved the efficiency of energy conversion from primary to
final energy, thereby increasing the amount of energy delivered per input of raw energy®. Previous
studies find that values of the global EROI of fossil fuels at the final energy stage have not changed
significantly over the 1990-2010 period, suggesting the two opposite tendencies have cancelled each
other out>*8,

Here, we model the EROI dynamics of fossil fuels and biomass technologies at the final energy
stage by assuming the energy requirements associated with extraction will continue to increase over
time, as shown in Equation 7 of the Methods. We model the changes to the energy conversion of fossil
fuels by referring to the improvements in energy conversion efficiencies assumed in the REMIND
model, summarised in Supplementary Table 9. As shown in Equation 10 of the Methods, an increase in
the conversion efficiency (n¢) increases the amount of energy delivered per unit of energy invested, as
it decreases the required input of the raw resource per unit of generated energy, thereby increasing the
EROI of these technologies. For energy intensities of energy requirements along the energy supply
chain (Erg4, and Exgr), we do not explicitly model dynamic changes, as there are no assumptions about
these processes in the IAMs. However, improvements in energy conversion efficiencies also decrease
the energy requirements for maintaining the supply of raw fuels. Thus our EROI calculations broadly
capture the underlying technological assumptions of the mitigation scenarios of low-carbon energy
transition. Although we do not model the dynamics of all the processes, our range of energy intensities
associated with the energy requirements can be read as best-case versus worst-case scenarios of energy
requirements associated with the supply of raw energy fuels (see Supplementary Tables 3 and 4). The
lower end of energy intensity parameters is based on the favourable assumptions that energy
requirements in resource extraction, transportation, and processing or refining will decrease. Higher
energy intensity parameters in turn assume a perspective of more costly operations of resource supply
(e.g. longer trade routes, greater resource scarcity). The median energy intensity parameters describe a
balanced, middle-of-the road scenario.
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Note on EROI dynamics of wind and solar power

Historically, the EROIs of renewables have increased due to improvements in energy efficiency
and declining energy requirements, achieved through technological innovation and the upscaling of
power plant production?°3,

To model the dynamic evolution of the EROI of PV and wind power, we estimate the effects
of technological innovation on the energy requirements of the construction, and operation and
maintenance of these technologies, using the “energetic experience curves” approach by Steffen et al. 8.
The experience curves approach is a well-established methodology for quantifying the improvement in
technologies with their increasing deployment?®°4%, The underlying assumption of this approach is that

the performance of a given technology increases proportionally to its uptake by society.

In our case study, the energy requirements of the technology decrease proportionally to the
cumulative installed capacity of the technology in relation to the present-day energy intensities of
construction, and operation and maintenance 6.y o and 8og 0, 8 Shown in Supplementary Equations 1
and 2. The rate of improvement is determined by the experience rate (b), which we calculate from the
“invested energy data” provided by Steffen et al., in Fig. 1 of their article. We obtain the present-day
energy intensities of construction and operation per installed unit of power, by dividing the energy
requirements for operation and the requirements of construction by the power capacity, as described in
Supplementary Equations 3 and 4.

Peym ()

Bcon(t) = Oconyo ( ;::1:0)) (1)
Peom(®)) ™"

Boam (t) = Oogmyo < ;::IM ; ) 2)

0.9 (1 —apeen) "CFy - T

0 =

conN.0 EROI, (3)
at h - CFO

90&M.0 = Z’CTOIO (4)

We do not apply the experience curve approach to estimate improvements in energy conversion
efficiencies, as these improvements and the effects on the EROI of PV and wind power are already
endogenously accounted for in the scenario data of generated energy.

By calculating the energy intensity of construction and operation of renewables, over time, we
can estimate the future energy requirements of PV and wind power, as well as the EROIs of these
technologies as shown in Supplementary Equations 5 and 6.

Econ(t) = Ocon(t) - Pypw (t) (5)
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Eopr = Oopr(t) - P(t) (6)

Finally, after including the energy requirements associated with decommissioning (see
Equation 18 of the Methods), we obtain the equation for calculating the EROIs of PV and wind, as
shown below:

EGEN (7)

EROI(D) = 55 Ocar (©) - Pugw (O + Opam () - P(E) + 0.1 - Bpap(t — T) - Pypw (t — 7))

However, the historical trend of improving EROIs of renewables may slow down or even
reverse in the future due to several factors. EROI improvements may slow down with decreasing
resource density (e.g. average wind power density), as the best sites are developed first and there are
fewer sites with abundant resources®. Moreover, the EROI of renewables may decline as their share in
the energy mix increases due to intermittent variability in the energy supply from renewables,
depending on the environmental conditions®. During favourable conditions, the electricity generated
from renewables may exceed the electricity demand, causing the overcapacity of renewable energy
infrastructure as well as of the “conventional power plants” to be temporarily switched-off the energy
grid. By contrast, to ensure reliable energy supply during unfavourable conditions, when renewables do
not meet the electricity demand, the electric grid will have to be reinforced with additional power plants
(overcapacity) and energy storage solutions®®°, both of which are energetically costly and therefore
decrease the EROI of the overall energy system?.

Our calculations only allow for a rough estimation of energy investment in the construction,
and operation and maintenance of intermittent energy delivery. As wind and solar power become more
important sources in the energy mix, such intermittent energy sources will require additional energy
investments due to energy losses from excess power supply (curtailment) and from the energy
requirements of storage'’.

We account for factors that may lead to a decline in the EROI of renewables (e.g. overcapacity
and energy storage) to the extent that these effects are represented in the data of mitigation scenarios
for energy generation. Some scenarios take into consideration the need for additional installed power
capacity. The storage solutions in the mitigation scenarios are explicitly only represented by hydrogen
from electrolysis®. For a description of our method of calculating the EROI of hydrogen from
electrolysis, see the “Note on energy requirements of hydrogen from hydrolysis” (in Supplementary
Information).

We only account for invested energy for the production side of the energy system, but not the
energy required for the supporting energy infrastructure, like smart power-grids.
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Note on energy requirements of hydrogen from electrolysis

Most of the mitigation scenarios analysed in this study include hydrogen in their basket of low-
carbon energy carriers. These scenarios are LED, S1-1, S1-G, S1-M, S1-R, S2-G, S2-M, S2-R, S5-G,
and S5-R. The hydrogen energy conversion technologies include: hydrogen from biomass, hydrogen
from biomass with CCS, and hydrogen from electrolysis. Our calculation of energy requirements of
hydrogen from biomass follows the general approach for biomass technologies, described in the
Methods section: “Energy requirements of fossil fuels and biomass technologies”.

To estimate energy requirements of hydrogen generated from electrolysis, we divide the amount
of generated hydrogen by the EROI of hydrogen from electrolysis, as shown below:

EGEN
E =
REQ ™ EROIy, ®)

In estimating the EROI of hydrogen from electrolysis, we follow the approach of Pellow et al .52,
Here, EROI of hydrogen from electrolysis depends on the efficiency of energy conversion from
electricity to hydrogen (#ss), and the energy embodied in the production of the hydrogen fuel cell,
reflected in the ESOI, alongside the energy requirements associated with the generation of electricity
in the grid (EROI.), as shown in Supplementary Equation 9.

EROL, = —— %5 Msys . ©

EROI, ESOI
Here, ESOI stands for “Energy stored on energy invested”, defined as a ratio between the energy
stored in a fuel cell over its lifetime and the energy that is required to manufacture and maintain the fuel
cell. We calculate the EROI of electricity by summing the total amount of generated electricity, across
all of the electricity generation technologies, and dividing it by the sum of the total energy requirements
of electricity generation.

_ Ze EGEN,e

EROI, =
¢ Ze EREQ,e

(10)

The system efficiency parameter depends on the efficiencies of the electrolyser (1), fuel cell
efficiency (yrc), and hydrogen compression (comp) as in Supplementary Equation 11°%:

nlyanC
1

Nsys =
1+ 7')lyz(

-1) (11)

Ncomp

In our estimates of the EROI of hydrogen from electrolysis, we conducted a sensitivity analysis
on the efficiency parameters, using three assumptions: median, optimistic, and very optimistic.
Parameter values were taken from Pellow et al.%2. The median assumptions resemble the efficiency
parameters of best available technologies, whereas optimistic and very optimistic parameters represent
different assumptions on the future technological innovation of hydrogen. Very optimistic parameters
represent efficiencies that are close to their thermodynamic limit. The values of the efficiency
parameters are provided together with the ESOI calculations in Supplementary Table 9.
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Carbon intensities of the four energy carriers in the mitigation pathways

a) Electricity b) Gases

2

Emissions (gCO2/kWh)
S s
(=] (=]
o

Emissions (gCO2/kWh)

. : 0 1
2020 2040 20860 2080 2100 2020 2040 2080 2080 2100 LED
Year Year S14

S1-A
S1-G
¢) Liquid fuels d) Solids o

S1-R
260 [ : 350 : S1-W

\ 300

N
=]
>

//'

Emissions (gCO2/kWh)
@
o
A
Emissions (gCO2/kWh)
S
(=]

3
—
/
/

150 \A

' AN
'= 100 .
\\ \'\

\ ~—

S N\

-
(=1
o

ZDéO 20‘40 ZDISD 2.2)80 2100 0 2020 2040 2060 2080 2100
Year Year
Supplementary Figure 8: Carbon intensities of energy carriers in the first group of pathways used in
our study. Electricity undergoes the fastest decarbonisation amongst the four energy carriers across the
scenarios. Gases, liquids, and solids are fully decarbonised only in some pathways (LED, S1-M, S2-M)
whereas in others these carriers are either partially decarbonised or their carbon intensities even remain
constant over time. These carriers are decarbonised in pathways that switch from fossil fuels to biomass, as
their primary raw energy source, changing the traditional energy carriers of oil (petroleum), natural gas, and
coal, for the alternatives such as biofuels, synthetic “biogases”, and biomass pellets. Moreover, some scenarios
(S1-M, S2-M, S1-R, S2-R, S5-R) decarbonise the energy services provided by liquid fuels by transitioning
from oil to hydrogen-powered engines. The pathways that do not fully decarbonise all four energy carriers
accomplish the emissions reductions by downsizing the use of the carriers of high carbon intensity, substituting
them with decarbonised energy carriers, or by offsetting emissions using negative emissions from BECCS.
The example of substation between carriers would be a transition from internal combustion engine vehicles to
electric vehicles. For example, the S1-A and S2-A scenarios accomplish a rapid decarbonisation by assuming
energy transition towards an energy system based on low-carbon electricity, thereby downscaling the

importance of other carriers in the energy system. Carbon intensities of the second group of pathways are
shown in Supplementary Figure 7.

46



a) Electricity b) Gases

700 250
600
— =200
5 500 2
N o
O 150
S 400 bt
=2 2
("] (]
5300 5 100
8 2
£ 200 =
w
% 50
100
0 0
2020 2040 2060 2080 2100 2020 2040 2060 2080 2100 [—— go.p
Year Year
— 82-G
— S2-M
— 82-R
. . S4-W
¢) Liquid fuels d) Solids
—— 85-G
250 350 —— S5-R
300
200 —
ey _E
= = 250
= =
Q 150 15}
8 8 200
2 2
w w
£100 g 150
w [7]
2 @8
£ E 100
50
50
0
2020 2040 2060 2080 2100 2020 2040 2060 2080 2100
ear Year

Supplementary Figure 9: Carbon intensities of energy carriers in the second group of pathways used
in our study.
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