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We followed Ryberg et al." in the original manuscript and characterized the nitrogen (N) flow by considering both intended and
unintended N fixation, while the planetary boundary for N flow, as based on the works by Steffen et al.> and De Vries et al.,® only
includes intended biological and chemical N fixation. Therefore, to be fully consistent with the original works by Steffen et al.”> and
De Vries et al.,’ unintended N fixation caused by other sectors, e.g., NO, from the power sector, should not be included.
Consequently, we here adjusted the N flow calculations by considering only the intended chemical N fixation by fertilizers—from
the agriculture sector only—embodied in the life cycle of the generation of 1 kW h of electricity.

As the life cycle inventory database Ecoinvent,” used in the calculations, does not provide explicitly ‘intended biological N
fixation,” this component needs to be excluded from our N flow calculations accordingly. Since the planetary boundary on N flow,
i.e., 62 Tg N per annum, considers both intended biological and chemical fixation, we here adjusted the N flow planetary boundary
by taking the portion relevant to intended chemical fixation only. According to Steffen et al.,” the current value of N flow is 150 Tg N
per annum, out of which 96 Tg N per annum (64%) is attributed to chemical fixation by fertilizers.> Therefore, we reduced the N
flow planetary boundary from 62 to 39.7 Tg N per annum to consider industrial fixation only, assuming such share would remain
constant.

These changes make all scenarios meet the planetary boundary on N flow. The mix, cost and performance in the remaining
boundaries remain the same in the Business as Usual Scenario (S1) that assumes the current mix is kept until 2030 (Fig. 2), and in
the Paris Agreement scenario (S2), which minimizes costs subject to meeting a target on greenhouse gas emissions in 2030 (Fig. 3).
This happens because the mathematical formulation employed to produce these two solutions is not constrained by planetary
boundaries. The planetary boundary constrained scenario (S3) meets all planetary boundaries concurrently at a lower cost (Fig. 4
and 5). For readers’ convenience, here we show Fig. 2-5 again with the new results.

The following corrections should also be made:

In the abstract, the section “Taking the United States as a testbed, we found that the least cost energy mix that would meet the
Paris Agreement 2 degrees Celsius target still transgresses five out of eight planetary boundaries. It is possible to meet seven out of
eight planetary boundaries concurrently by incurring a doubling of the cost compared to the least cost energy mix solution (1.3%
of the United States gross domestic product in 2017). Due to the stringent downscaled planetary boundary on biogeochemical
nitrogen flow, there is no energy mix in the United States capable of satisfying all planetary boundaries concurrently.” should be
replaced with “Taking the United States as a testbed, we found that the least cost energy mix that would meet the Paris Agreement
2 degrees Celsius target, still transgresses four out of eight planetary boundaries. It is possible to meet all planetary boundaries
concurrently by incurring a 20% additional cost compared to the least cost energy mix solution (0.3% of the United States gross
domestic product in 2017).”

On page 1891, left column, lines 29-49, the section ‘“We found that the Business as Usual (BAU) energy mix, i.e., the US 2012
default developments in the power sector required to meet the 2030 electricity demand, transgresses six out of the eight
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PBs considered, including the climate change PBs. Furthermore, the least cost energy mix, which is in line with the 2 degrees
Celsius (°C) target governed by the Paris Agreement (the Paris Agreement solution henceforth), transgresses five out of the
eight PBs, including those on climate change, though in this solution the magnitude of the transgression is lower. Our model
could not identify any single mix satisfying all the shares of PBs assigned to the US power sector concurrently, yet seven of the
eight PBs could be met simultaneously with an energy mix relying on wind (both onshore and offshore), natural gas with
Carbon Capture and Storage (CCS), hydropower and Bio-energy with CCS (BECCS). This mix would incur an extra cost of 40%
compared to the BAU solution (or 0.8% of the US Gross Domestic Product (GDP) in 2017), while doubling the cost of the Paris
Agreement solution (or an extra cost equal to 1.3% of the US GDP in 2017). This extra cost needed to improve the performance
of the mix in terms of PBs would be associated with mandatory investments in relatively expensive electricity technologies,
such as wind offshore, natural gas with CCS and BECCS.” should be replaced with “We found that the Business as Usual (BAU)
energy mix, ie., the US 2012 default developments in the power sector required to meet the 2030 electricity demand,
transgresses five out of the eight PBs considered, including the climate change PBs. Furthermore, the least cost energy mix,
which is in line with the 2 degrees Celsius (°C) target governed by the Paris Agreement (the Paris Agreement solution
henceforth), transgresses four out of the eight PBs, including those on climate change, though in this solution the magnitude
of the transgression is lower. Our model could identify a mix satisfying all the shares of PBs assigned to the US power sector
concurrently, with an energy mix relying on wind onshore, natural gas with Carbon Capture and Storage (CCS), PV rural and
Bio-energy with CCS (BECCS). This mix would incur an extra cost of 20% compared to the Paris Agreement solution (or an extra
cost equal to 0.3% of the US GDP in 2017). This extra cost needed to improve the performance of the mix in terms of PBs
would be associated with mandatory investments in relatively expensive electricity technologies, such as natural gas with CCS
and BECCS.”

In Table 1, the value of “Assigned share of safe operating space to the US power sector (aSyspower = 0.062%)” for
“Biogeochemical nitrogen flow (global)” should be 0.025 Tg N year™ " rather than 0.038 Tg N year .

On page 1893, right column, lines 1-2, “biogeochemical N flow is obtained from NO, and NH; to air, N-tot and NO; to
freshwater and NO;~ to groundwater” should be replaced with “biogeochemical N flow is obtained from life cycle nitrogen
fertilizers demanded by the agriculture sector only”.

On page 1894, right column, lines 37-43 and page 1895, left column, lines 1-2, the section ‘“We found that six out of the eight
PBs considered are transgressed in solution (S1), including atmospheric CO, concentration, energy imbalance at top-of-
atmosphere, ocean acidification, biogeochemical N flow, freshwater use and stratospheric ozone depletion (Fig. 2), which raises
significant concerns about our future ability to deliver sustainable energy without altering the current status quo. Only two PBs
would hence be satisfied, namely biogeochemical P flow and land-system change.” should be replaced with “We found that five
out of the eight PBs considered are transgressed in solution (S1), including atmospheric CO, concentration, energy imbalance at
top-of-atmosphere, ocean acidification, freshwater use and stratospheric ozone depletion (Fig. 2), which raises significant
concerns about our future ability to deliver sustainable energy without altering the current status quo. Only three PBs would
hence be satisfied, namely biogeochemical P flow, biogeochemical N flow and land-system change.”

On page 1895, left column, lines 17-20, the sentence ‘At a lesser transgression extent, the global PB on biogeochemical N flow
is surpassed by 55 times above the limit, mainly due to the reliance on coal power plants.” should be deleted.

On page 1895, right column, lines 11-15, the section “five out of the eight PBs considered would still be transgressed. The
transgressed PBs in solution S2 include both PBs on climate change, as well as PBs on ocean acidification, biogeochemical N flow
and freshwater use.” should be replaced with “four out of the eight PBs considered would still be transgressed. The transgressed
PBs in solution S2 include both PBs on climate change, as well as PBs on ocean acidification and freshwater use.”

On page 1895, right column, lines 28-30, the sentence ‘‘Furthermore, solution S2 transgresses the PB on biogeochemical N flow
by 20 times above the limit due to the deployment of coal, biomass and PV plants.” should be deleted.

From page 1896, right column, line 3 to page 1897, left column, line 4, the section “We found that no energy mix exists that can
meet all of the PBs concurrently. More precisely, no single energy mix can satisfy the global biogeochemical N flow PB, noting that
in this PB, solution S3 lies in the high risk zone (red area in Fig. 4).” should be replaced with ‘“We found an energy mix that can
meet all of the PBs concurrently.”

On page 1897, left column, lines 5-7, “The mix in solution S3 reduces the number of coal and natural gas plants while
deploying BECCS, wind onshore and offshore and natural gas with CCS power plants” should be replaced with “The mix in
solution S3 reduces the number of coal and natural gas plants while deploying BECCS, wind onshore, PV rural and natural gas
with CCS power plants”.

On page 1897, left column, lines 22-28, the section “Furthermore, the deployment of hydropower and wind onshore and
offshore plants reduces the transgression of the global biogeochemical N flow PB by 49% compared to the Paris Agreement
mix (S2) and 81% compared to the BAU mix (S1). In solution S3, this transgression is mainly due to the deployment of BECCS and
natural gas with CCS plants as well as the presence of nuclear plants.” should be deleted.

On page 1897, left column, lines 42-50, the section “The least cost solution that minimizes the transgression of PBs (S3) has the
drawback of increasing the cost of electricity by 40% compared to the BAU mix (S1) while doubling the cost compared to the Paris
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Agreement mix (S2) (Fig. 5). The differences in costs incurred by solution S3 in contrast to the BAU (S1) and Paris Agreement (S2)
mixes constitute 0.8% and 1.3%, respectively, of the US GDP in 2017. This extra cost is mainly due to the deployment of wind
offshore, natural gas with CCS and BECCS. ..” should be replaced with ‘“The least cost solution that minimizes the transgression
of PBs (S3) decreases the cost of electricity by 16% compared to the BAU mix (S1) while increases the cost by 20% compared
to the Paris Agreement mix (S2) (Fig. 5). The differences in costs incurred by solution S3 in contrast to the BAU (S1) and
Paris Agreement (S2) mixes constitute —0.3% and 0.3%, respectively, of the US GDP in 2017. This extra cost is mainly due to the
deployment of natural gas with CCS and BECCS...”.

On page 1897, right column, lines 4-5, “We note that emerging technologies are found to be necessary by ERCOM-PB to meet
seven PBs concurrently” should be replaced with “We note that emerging technologies are found to be necessary by ERCOM-PB to
meet all PBs concurrently”.

On page 1898, left column, lines 17-18, “Wind onshore and offshore, natural gas with CCS and BECCS play a key role in
meeting concurrently seven of the eight PBs” should be replaced with “Wind onshore, PV rural, natural gas with CCS and BECCS
play a key role in meeting all PBs concurrently”.

On page 1898, left column, lines 26-34, the section ‘“Nonetheless, with the current technological landscape in the US power
sector, meeting the global biogeochemical N flow seems unattainable; this is due to the limited potential of those technologies
that are competitive across all PBs, such as hydropower and wind technologies. Pathways that could improve the current potential
and reliability of hydropower and wind technologies through, for example, the deployment of more affordable storage
facilities*>*® could aid meeting all of the PBs concurrently.” should be deleted.

On page 1898, left column, lines 38-39, “For example, the poor performance of energy systems in terms of biogeochemical N
flow could be offset. . .” should be replaced with “For example, the performance of energy systems in terms of freshwater use could
be offset...”.

On page 1898, left column, lines 42-46, “Particularly, the power sector could exert a net negative contribution towards
atmospheric CO, concentration and ocean acidification by deploying BECCS, which would allow the sector to ‘trade’ shares of
other PBs, mainly biogeochemical N flow, with other sectors.” should be replaced with “Particularly, the power sector could exert a
net negative contribution towards atmospheric CO, concentration and ocean acidification by deploying BECCS, which would
allow the power sector to ‘trade’ shares of other PBs with other sectors.”

From page 1898, left column, line 50 to page 1898, right column, line 4, the section “The reliance on expensive technologies
(e.g., wind offshore, natural gas with CCS and BECCS) needed to meet seven of the eight PBs while minimizing the transgression of
the biogeochemical N flow PB would increase the cost of electricity generation, 40% relative to the BAU solution and 100% relative
to the Paris Agreement solution. These additional costs relative to the BAU and Paris Agreement mixes would constitute 0.8% and
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Fig. 2 Global US electricity generation and imports portfolio and performance relative to downscaled planetary boundaries for the business as usual
energy mix (solution S1). The circle on the left represents the 2012 energy mix in 2030; its performance in terms of planetary boundaries is summarized in
a rose chart on the right. The rose chart represents the current performance of each Earth-system process divided by the US power sector share of the
full safe operating space (i.e., a value less than one implies it lies below the planetary boundary). The green zone is the safe operating space (i.e., within the
strictest planetary boundary in the uncertainty range), the yellow zone is the uncertainty range of each planetary boundary and the red zone is beyond
the least strict planetary boundary in the uncertainty range. Each error bar corresponds to one standard deviation considering the uncertainty in
environmental burdens (i.e., life cycle inventory entries) connected to planetary boundaries. Each circular sector of the outer ring on the right represents
the intensity of each technology on each planetary boundary. The labeling of solutions is given in Table 2.
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1.3% of the US GDP in 2017, respectively.” should be replaced with ‘“The reliance on expensive technologies (e.g., natural gas with

CCS and BECCS) needed to meet all PBs concurrently would increase the cost of electricity generation, 20% relative to the Paris
Agreement solution; such additional cost would constitute 0.3% of the US GDP in 2017.”
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Fig. 3 Global US electricity generation and imports portfolio and performance relative to downscaled planetary boundaries for the Paris Agreement mix
(solution S2). The circle on the left represents the energy mix in 2030 that meets the Paris Agreement 2 degrees Celsius target at minimum cost; its
performance in terms of planetary boundaries is summarized in a rose chart on the right. The rose chart represents the current performance of each
Earth-system process divided by the US power sector share of the full safe operating space (i.e., a value less than one implies it lies below the planetary
boundary). The green zone is the safe operating space (i.e., within the strictest planetary boundary in the uncertainty range), the yellow zone is the
uncertainty range of each planetary boundary and the red zone is beyond the least strict planetary boundary in the uncertainty range. Each error bar
corresponds to one standard deviation considering the uncertainty in environmental burdens (i.e., life cycle inventory entries) connected to planetary
boundaries. Each circular sector of the outer ring on the right represents the intensity of each technology on each planetary boundary. The labeling of
solutions is given in Table 2.

se (atm Ch,
el u 0Spp 9/;9

o
@ 002 sy, CO
g . ¥, 2

N “ %

U R / 3 o
z38 23
7 s 2
2 ‘ 3@
@ | ()
L] ‘

4515
TWh/yr

Planetary boundaries (S3) 7 Safe zome

[ Uncertainty zone
[ High risk zone
I Coal

[ Natural gas
I Nuclear

I Hydropower
Il Biomass
I Geothermal
[PV rural

[] Wind onshore
[ Wind offshore

[ Natural gas CCS

[1BECCS

[Z7] Negative contribution
by BECCS

Electricity mix Planetary boundaries

Fig. 4 Global US electricity generation and imports portfolio and performance relative to downscaled planetary boundaries for the planetary boundaries
mix (solution S3). The circle on the left represents the energy mix in 2030 that would minimize the transgression of planetary boundaries at minimum
cost; its performance in terms of planetary boundaries is shown in a rose chart on the right. The rose chart represents the current performance of each
Earth-system process divided by the US power sector share of the full safe operating space (i.e., a value less than one implies it lies below the planetary
boundary). The green zone is the safe operating space (i.e., within the strictest planetary boundary in the uncertainty range), the yellow zone is the
uncertainty range of each planetary boundary and the red zone is beyond the least strict planetary boundary in the uncertainty range. Each error bar
corresponds to one standard deviation considering the uncertainty in environmental burdens (i.e., life cycle inventory entries) connected to planetary
boundaries. Each circular sector of the outer ring on the right represents the intensity of each technology on each planetary boundary. The labeling of
solutions is given in Table 2.
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Fig. 5 US optimal cost of electricity generation and imports in 2030 broken by technology. The primary y-axis denotes the total cost of electricity supply
and the secondary y-axis represents the average cost of electricity in USD,o13 per kW h. Business as usual energy mix, solution S1, (column on the left)
represents an energy mix with the same technological breakdown as in 2012 but meeting the projected demand in 2030. The Paris Agreement mix,
solution S2, (column on the center) represents the least cost energy mix in 2030 that would meet the Paris Agreement 2 degrees Celsius target. The
Planetary boundaries mix, solution S3, (column on the right) represents the least cost energy mix in 2030 that would minimize the transgression of
planetary boundaries. Each error bar corresponds to one standard deviation due to the uncertainty in environmental burdens (i.e., life cycle inventory
entries) connected to planetary boundaries. The labeling of solutions is given in Table 2.

The Royal Society of Chemistry apologises for these errors and any consequent inconvenience to authors and readers.
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