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S1 Surplus electricity supply and demand

Table S1: Expected surplus electricity in different countries. Values taken frose studies.

Country Ireland  AustraliZ? Australig?@ Germany Germany Germany
Intermittent power penetration 37 % 88 % 88 % 84 % 84 % 84 %
Wind power penetration 37 % 46 % 59 % 65 % 65 % 65 %
Solar power penetration - 42 % 29 % 19 % 19 % 19%
Considered PHS 0.3GW 2.2GW 2.2GW - - 8.6 GW
DSM considered No No No No Yes Yes
Surplus electricity a 9 TWh 25 TWh 154 TWh 83 TWh 79 TWh
share in intermittent power generation 6.6 - 15.3 % 8.5% %Ww.2 30.2% 18.7 % 18.4%
share in total power generation 26-6.7% 4.1 % 10.9% 220% .0%3 12.8%

2 value not mentioned in reference

Table S2: Surplus electricity demand for global demand of platform chemicals

Platform chemicals Global demand Required surplus etgistri

Hydrogen? 65 Mt/a (Ref) 3250 - 5417 TWh/a
MethanolP 59 Mt/a (ReP) 578 - 964 TWh/a
Syngag>® 2.1 Mt/a 25 - 41 TWh/a

a for conversion factor see Table S4 (PEM electrolysis);
b for conversion factor see Table S4 (PEM electrolysis) ardléra5 (H,in);

¢ syngas demand for polyurethane production (5 Mt/a MDI a8d\it/a TDI)®
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Table S3: Surplus electricity demand for space heating, natural gas and mobility hShe

US demand Required surplus electricity

Space heatin§ 1200 TWh/a (Ref) 245 - 571 TWh/a

Natural ga® 1400 TWh/a (Ref) 2500 - 4167 TWh/a

Mobility © 2.3E+12 km/a (Ref) 316 - 451 TWh/a
afor conversion factor see Table S4 (Heat pump);

b for conversion factor see Table S4 (PEM electrolysis) anleéT&5 MH,.in);

¢ for conversion factor see Table S4 (Battery electric veicl

S2 Data for considered energy storage systems and convemtad processes

Table S4:Electricity and natural gas demand of surplus power using devices

PHS Wt outMiin 0.65 - 0.85 kWh/kWh Réf11

VRB Wt outMiin 0.65 - 0.85 kWh/kWh Ré&¥911
WeLin/\NeLout 0.7 - 0.8 kWh/kWh

CAES Refl2

Qnatural gas'.nNVeI,out 1.2 - 1.3 kWh/kWh

Heat pump QneatoutMiin 2.1 - 4.9 kWh/kWh Reld

PEM electrolysi8 Wt in/M, out 45 - 55 kWh/kg Ret4
4 Case: Future Central Hydrogen Production from PEM Elegs$islversion 3.0

Table S5: Inputs and outputs of hydrogen conversion processes per kggirodu

Product Input Output

MH,in  Mco,,in Weljin® Qheatin mCOZ.,outb mHz.,outC

kg kg kWh kwh kg kg
Syngas 0.236 1.303 1.34 0.61 - - Ref
Methane  0.506  2.939 0.33 - 0.194 0.009  Hef
Methanol 0.196 1.437  1.33 - 0.046 - Réf

a grid power:? emission® mixed with main product
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Table S6: Fuel demand of vehicles and fuel cell

Battery electric vehicle Wy jn/lout 0.14 - 0.20 kWh/km  Réf:19

H, fuel cell vehicle Quiy.in/lout 0.34-0.36 kWh/km Re:21
Gasoline engirfe Qgasolinein/lout 0.52 kWh/km Ref2
Diesel enging Quieselinlout 0.38 kWh/km Ref2
Methanol engin® QchzoH.in/lout 0.52 kWh/km

Methane engirfe QcH,,in/lout 0.44 kwWh/km

Fuel cell Wel out/Qin 0.45-0.60 kWh/kWh  Re®

2 Euro 5, engine displacement1.41; P gasoline engine efficienéff; € 86.5 % of diesel engine efficien&y

Table S7: Considered LCA data sets for energy storage systems and convéptiocesse%

Product Name of data set Year
Grid power electricity mix 2010
co, @ thermal energy from coal 2010

Power from gas turbine  based on heat from natural gas (eftigief 40 %) -

Mobility (diesel) diesel mix, at refinery 2010
Mobility (gasoline) gasoline mix (RON 95), at refinery 2010
Heat thermal energy from natural gas (efficiency of 91 %) 2010
Hydrogen? hydrogen (steam reforming - natural gas) 2012
Natural gas natural gas mix 2010
Methanol? methanol from natural gas (integrated technologies) 2012
Syngag syngas (H:CO = 3:1) from natural gas 2012

a own calculation based on R&f P country specific values derived from natural gas data set;

¢ Euro 5, engine displacement1.4|
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Table S8: Global warming impact@W) and fossil depletion impacEQ) for construction of energy storage systems. All values are per MWh
surplus electricity.

Technology GW FD Life time

kgco,-eq KQoil-eq
Pumped hydro storage 3.2-48 1.0-1.4 12,000 - 25,000 cyckef'2:27
Compressed air energy storage 3.8-54 1.3-1.8 8,000 -@5yades Ret?27
Vanadium redox flow battery 24.8-58.8 8.2-19.6 2,900 - 78a0es  Ret?27
Lithium-ion battery for BEV 36.1-76.7 7.6-16.2 4,000 - 8Bycles  Ret®2?
Heat pumg 76.2-89.2 47-7.0 32,000 - 48,000 h Ref
PEM electrolysis! 18-27 0.7-11
Hydrogen storagl 2.2-33 09-1.3 ReP
Heat storage (hot water tarik) 51-7.6 1.7-25 20-30a R&t
Methanol storage 2.4E-02-3.7E-02 7.8E-03-1.2E-02 40-60a Fef
Methane plarft 1.8E-02 - 1.8E-02 4.9E-03 - 7.3E-03
Methanol plant 6.9E-02 - 1.0E-01  2.0E-02 - 3.0E-02 24-36a f2Re
Syngas plant 6.4E-02 - 9.6E-02 1.8E-02 - 2.6E-02 40-60a 2Ref
PEM fuel celf 1.8-2.7 07-11 32,000 - 48,000 h Ref

2 yalue of fuel cell assuméed; ° life time not mentioned in referencgutilization: 200 cycles/a® own calculation based on

syngas plant® 90 % platinum group metal recycling assumedalues include leakage of refrigerant

Table S9: Considered countries for heat from natural gas and natural gas mix

Continent  Number of considered countries 1SO-Code of ctmmed countries

America 2 BR US

Asia 2 IN JP

Australia 2 AU NZ

Europe 23 ATBECHDEDKESFRGBGRHUIEIT

LT LU LV NL NO PL PT RO SE SI SK
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Table S10: Considered countries for electricity mix

Continent Number of considered countries |1SO-Code of clamed countries

America 2 BR US

Asia 2 IN JP

Australia 2 AU NZ

Europe 30 AT BEBG CHCY CZDEDKEE ES FIFR GB GR HU

IEISITLT LU LV MT NL NO PL PT RO SE SI SK

Table S11:Considered countries for coal mix

Continent  Number of considered countries [ISO-Code of clamed countries

America 2 BR US

Asia 2 IN JP

Australia 2 AU NZ

Europe 10 AT BE DE DK FR

GB IT NL NO SE

Table S12:Considered countries for gasoline and diesel

Continent  Number of considered countries 1SO-Code of clameid countries

America 2 BR US
Asia 2 IN? JP
Australia 1 AU
Europe 2 DE GB

a8 For IN only diesel considered
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Table S13:Costs for Power-to-Power, Power-to-Mobility, Power-to-Heat, Peiwét, storage systems and conventional systems. All cost are
for 2020 ($2010).

Technology Power capacity ~ Energy capacity variable fixed fe li
capital costs capital costs O&M co’ts O&M costs  time
$/ kw $/ kWh $/ kWh $/ (kWa) a
Pumped hydro storage (F&j 908 - 1236 12.3-17.4 - 3.0 40
Compressed air energy storage (F&f 412 - 501 1.2-62.8 - 30-71 40
Vanadium redox flow battery (R&) 537 -1840 215 - 307 - 56.0 40
Natural gas turbine (Réf) 660 - 0.03 5.3 40
Electric drive train for BEV (Ref?) 1200 - 2030 $ - - - 13.2
Battery for BEV (Ref?) - 273 - 386 - - 13.2
Conventional drive train (Réf) 2400 - 2530 $ - - - 13.2
Heat pump (Ref®) 2 974 - 1491 - - 6.5 20
Electric boiler (Ref®) 2 182 - 286 - - - 20
Heat storage (Réf) 2 - 116 - 223 - - 40
Natural gas boiler (RéP) 2 943 - - 5.7 20
PEM elctrolysis (Ref?) 465 - 698 - - 35.4 40
Hydrogen storage (Réf) - 390-584 $/ kg H - - 30

a8 O&M - operation and maintenancéassumed exchange rate: 1 Euro = 1.3 US Dollar

Table S14:Costs for feedstocks and conventional produced hydrogen fdr 20Re US ($2010)

Feedstock Costs

Residential natural gas  49.6 $/ MWh  Réf
Industrial natural gas 29.5%/ MWh  R¥éf
Industrial electricity 67.1$/ MWh Réf

Gasoline 102.6 $/ MWh Réf
CO, 70 $/t Ref’
Hydrogen 1.6 $/ kg Réf
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Table S15:Inputs per kg product for conventional production of methanol angas

Product natural gas electricity

Methanol 9.03kWh 0.074kWh Réf
Syngas 10.44kWh 0.713kWh Réf

S3 Results
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Fig. S1: Breakdown of fossil depletior=D) impact of energy storage systems into considered processes. lddbvare per MWh surplus
electricity. The narrow ranges (patterned) represent countryifgpe€CA data sets for the US considering the technology uncertainties. The
broad ranges (gray striped) further include the full range of LCA datsafor all countries. If only one range is shown, fossil depletion ittspac
are independent from country-specific LCA data sets. Foy &ply, only the fossil depletion impact for the scen#@, emissions avoided

is shown. For the scenandO, storage avoidegthe corresponding fossil depletion impact would be zero. PHS - pdimpgro storage; CAES

- compressed air energy storage; VRB - vanadium redox flow baBé&ty;- battery electric vehicle; NG - natural gas
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Fig. S2: Freshwater eutrophicatiofr E) impact reduction for the considered energy storage systems. Timwnanges (colored) represent
country-specific LCA data sets for the US considering the technologgrtaicties. The broad ranges (gray striped) further include the full
range of LCA data sets for all countries. For Power-to-Fuel systenmact reductions are shown for the different utilization routes of the
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S2.
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Fig. S4:Human toxicity (HT) impact reduction for the considered energy stosggems. For further information, see caption Fig. S2.
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