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Wind/solar energy Heat pumps Electric mobility

100 % efficiency 340 % efficiency 80 % efficiency
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Tomorrow
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* The efficiency of internal-combustion engines in other applications (e.g. maritime transport, engine-driven power plants) can exceed 50 %.

Key insights:

= Solar energy resource availability is 1000x larger than
the global demand

Direct electricity use is highly efficient

Renewables costs have declined steeply and
continued: solar PV, wind power, batteries, electrolyser,
and others

Combination of these three major drivers leads to
massive uptake of solar PV

Perez R. and Perez M., 2009. A fundamental look on energy reserves for the planet.
The IEA SHC Solar Update, Volume 50

Brown, Breyer et al., 2018., Renewable and Sustainable Energy Reviews, 92, 834-847
IPCC, 2020. 6th Assessment Report WG Il
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Solar PV Installations: past and near Future

1000 000.000

100 000.000
major innovations
10 000.000
Si solar cell terrestrial module rooftrop programme power plant
1 000.000
100.000
10.000
1.000
major markets
0.100
space terrestrial rooftop power plant PtX plants
0.010
off-grid on-grid
0.001
1955 1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010 2015 2020 2025
year

Key insights:

= Low-cost PV dominates one market after another, now Power-to-X plants

= Silicon manufacturing capacity soon around 1 TW/a
= No energy source has been ever phased in as steeply as PV

= Wind power is similar to solar PV, but slightly slower in the phase-in

Rising Sun

The growth rate of solar installations this year will hit its highest level in a
decade, and at far higher volume levels

M New installations  Change in installations, y/y

38% y/y
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Source: Bloomberg

Solar polysilicon — the semiconductor from which photovoltaic
panels are made — is growing even faster. Existing and planned
manufacturing capacity will amount to about 2.5 million metric tons
by 2025, according to research last week 0o from BloombergNEF’s

Yali Jiang. That’s sufficient to build 940 gigawatts of panels every
year.
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source: Breyer et al., 2021. Solar PV in 100% RE systems. Chapter 14 in Photovoltaics

100% renewable electricity for ambitious transitions

Volume In: Encyclopedia of Sustainability Science and Technology, online
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Power Market Development: 2007 - 2021

Share of global capacity additions by technology
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Key insights: Source: BloombergNEF

PV and wind power dominate new installations, with clear growth trends for PV
Hydropower share declines, a consequence of overall capacity rise, and sustainability limits
Bioenergy (incl. waste) remain on a constant low share

New coal plants are close to fade out

New gas plants decline, with very high gas prices pushing them towards peaking operation
Nuclear is close to be negligible, the heated debate about new nuclear lacks empirical facts

100% renewable electricity for ambitious transitions source: BNEF, Power Transition Trends 2022
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Global: PV and Wind Share in 100% RE Studies

Wind penetration (%)
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Key insights:
= 3 main groups:
= High PV & wind: more PV
= High PV & wind: more wind
= Lower PV & wind
= PV share of around 50% by 2050 is
standard
= Group of studies with high PV shares
(70-80%) have all in common that they
anticipate continued PV cost decline
= PV strongly benefits from
electrification, low-cost batteries, low-
cost electrolysers, and Power-to-X
= Two studies with highest shares of PV
& wind in TPED have consequently
worked in Power-to-X
= Reasons for lower PV & wind shares
= High PV cost assumptions
= CSP forced in the mix, despite cost
= Bioenergy forced in the mix,

o 10 20 0 60 7080 90100 despite biodiversity issues
Solar PV penetration (%) = Low electrification rates
100% renewable electricity for ambitious transitions source: Breyer et al., 2022. IEEE Access 10, 78176-78218
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On the History of 100% RE Systems Research

first 100% RE article Greenpeace published first global transition first global transition
of Lund (2004) who a first 100% RE report study showing study showing a cost-
is the architect of conceptual framework in 1993 and gained substantial cost neutral transition study
first 100% RE EnergyPLAN and of Power-to-X for fuels, broad attention with reductionfor a 100% forthe entire energy
studies by formed the research chemicals and sector reports in RE power sectorin systemin hourly
Serensen (1975) team with the most coupling to be applied collaboration with DLR hourly resolution for resolution using the
on Denmark and citations in the in energy system on the global energy the world in 145 LUT-ESTM by
Lovins (1976) on history of 100% RE studies by Sterner transitionin 2010 and regions by Bogdanov  Bogdanov and Breyer et

the US research (2009) 2015 and Breyer et al. (2019) al. (2021)

1975 1995 2005 2010 2015 2020 N
first global 100% RE first multi-node and most cited article PyPSA launched first global transition first year with more
article for the target hourly 100% RE on 100% RE for as open-source study using an than 100 articles on

year 2050 by study on the case of the world for the framework for Integrated 100% RE in a
Serensen (1996) Europe-MENA- target year 2030 detailed multi- Assessment Model single year (2021)
Eurasia by Czisch by Jacobson and nodal sector- toward a near 100% representinga
(2005) Delucchi (2011) coupled energy RE energy systemby  >50% YoY growth
systems research Ludereretal. (2021)
by Brown et al.
(2017)

= The first 100% RE system analysis was published in 1975 by Sgrensen, on Denmark

= Lovins published in 1976 the second article on 100% RE, on the United States: "the soft energy path”

= Stockholm Environment Institute & Greenpeace published the first report in 1993 for the target year 2100
= The first global analysis for a 100% RE system published in 1996 in a journal, by Serensen

= Power-to-X concept for fuels, chemicals & sector coupling on energy systems emerged in 2009 by Sterner

= LUT established a state-of-the-art for 100% RE systems in 145 regions for the world in hourly resolution
and cost optimisation as energy transition pathway

= 950+ articles have been published in which 100% RE system analysis have been taken into consideration

100% renewable electricity for ambitious transitions source: Breyer et al., 2022, IEEE Access, 10, 78176-78218
Christian Breyer » christian.breyer@lut.fi @ChristianOnRE
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100% Renewables Energy Systems Research
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Ma et al. others, three cats

= Research field is growing at high dynamics
= Entirely renewable systems research now established
= Three leading teams: Lund et al. (Aalborg, DK), Breyer et al. (LUT, Fl), Jacobson et al. (Stanford, US)

International organisations are conservative in adoption of new insights, e.g. IPCC, IEA, World Bank, etc.

100% renewable electricity for ambitious transitions source: '?(rﬁ"ﬁlr_ et Zl.ézozz. 'Eggﬁz‘?‘;i 10, 781:8'7182?7% > 125834
Christian Breyer » christian.breyer@lut.fi @ChristianOnRE atll anc =reyer, 82 ceess. 5 :



https://twitter.com/ChristianOnRE
https://ieeexplore.ieee.org/document/9837910
https://ieeexplore.ieee.org/document/9944656

Leading Energy System Models used in the Field

Table 2. Energy system models used for 100% RE systems analyses. All models used at least five times for 100% RE systems
analyses are listed and ranked to the number of published articles applying the model. Some key features of the leading ESMs are
indicated. Citations for the 550 category one articles are allocated to the models used as of mid-2022.

citations model used for inter-
100% RE connected

EnergyPLAN 74 7797 1293 2006 2021 yes ves ves no no no ves no ves no
LUT-ESTM 63 2833 939 2015 2021 yes ves ves yes no yes ves  yes  yes no
HOMEER. 22 1298 310 2007 2021 no yes no no no yes ves no yes no
TIMES 19 745 134 2011 2021 no no ves yes no ves ves  yes  yes no
AU model 16 1313 134 2010 2018 yes yes no no no yes ves no yes no
PyPSA 16 704 274 2017 2021 yes yes yes no no yes no no yes no
LOADMATCH 10 1188 302 2015 2021 no yes yes no no no ves  yes  yes no
REMix 10 604 147 2016 2021 yes yes ves no no yes ves no ves no
GENeSYS-MOD 10 226 90 2017 2021 yes no ves no no yes no ves no no
ISA model 9 183 62 2016 2021 no yes yes no no yes no no yes no
NEMO 7 647 84 2012 2017 yes ves no no no ves no no yes no
H,RES 6 715 84 2004 2011 no yes yes no no no yes 1o yes no
MESAP/PlaNet 6 270 51 2000 2021 no no yes no no no ves  yes  yes no
others 282 11709 2362

total 550 30232 6226

= Two leading energy system models for 100% RE system studies are EnergyPLAN and LUT-ESTM
= PyPSA to join the group of leading models
= Not a single model analysed CO, direct removal (CDR) and off-grid electrification integration

Industry sector inclusion only by two models: LUT-ESTM & TIMES, while PyPSA joined in the meantime

100% renewable electricity for ambitious transitions source: Khalili and Breyer, 2022. IEEE Access, 10, 125792-125834
Christian Breyer » christian.breyer@lut.fi @ChristianOnRE
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LUT Energy System Transition Model
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Key features:

= full hourly resolution, applied in global-local studies, comprising about 120 technologies

= used for several major reports, in about 50 scientific studies, published on all levels, including Nature

= strong consideration on all kinds of Power-to-X (mobility, heat, fuels, chemicals, desalinated water, CO,)

100% ble electricity f biti t iti source: Bogdanov, Breyer et al., 2021. Full energy sector transition towards
10 0 renewa eelec m_;' y or ambitious _ranSI lons L 100% renewable energy supply: integrating power, heat, transport and
Christian Breyer P christian.breyer@lut.fi @ChristianOnRE industry sectors including desalination, Applied Energy, 283, 116273
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Europe - 2020
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Greens/EFA, Accelerating the European RE

transition, Brussels, Sepember, 2022
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= Methods: LUT-ESTM, 1-h, 20-regions, full sector coupling, cost-optimised

= First energy-industry transition to 100% RE in Europe in 1-h & multi-regions

= Industry: cement, steel, chemicals, aluminium, pulp & paper, other industries

= Energy-industry costs remain roughly stable

= Scenario definition: zero CO, emissions in 2040

= Massive expansion of electricity would be required

= e-fuels & e-chemicals ensure stable operation of transport & industry

= Nuclear: by scenario default phased out by 2040; it is NO critical system
component; finally countries will decide how to proceed

= What's respected:
= 1.5 °C target & biodiversity & cost effectiveness & air pollution phase-out
= renewal of European energy-industry system & jobs growth

= Why society should not go for such an option?

source: Greens/EFA, Accelerating the European RE

transition, Brussels, Sepember, 2022

ransitions
i @ChristianOnRE



https://www.sciencedirect.com/science/article/pii/S0360544221007167
https://www.sciencedirect.com/science/article/pii/S0306261920316639
https://twitter.com/ChristianOnRE
https://www.greens-efa.eu/en/article/document/accelerating-the-european-renewable-energy-transition

Power-to-X Economy as new characteristic Term

= Zero CO, emission low-cost energy system is based on electricity
= Core characteristic of energy in future: Power-to-X Economy
= Primary energy supply from renewable electricity: mainly PV plus wind power
= Direct electrification wherever possible: electric vehicles, heat pumps, desalination, etc.
= Indirect electrification for e-fuels (marine, aviation), e-chemicals, e-steel; power-to-hydrogen-to-X
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Hourly Operation and Balancing

~ Summer (May) Key insights:
5000 N a [ & i

_— A I A ) — — = Week of most renewables supply (spring) and least
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Research on e-fuels demand in global studies

Table 1. Global 100% renewable energy system analyses. A threshold of minimum 95%
renewables share in at least the electricity supply was considered for inclusion in the table.
This criterion was applied to include the near-100% RE system analyses, but also to ensure
appearance of fossil energy-free solution structures. Abbreviation: simulation (Sim),
optimisation (Opt), power sector (P), all sectors (A), transition (T), overnight (O), e-hydrogen
(e-H:), e-methane (e-CHs), power-to-liquids (PtL), CO- via electricity-based direct air capture

Key insights :
= All following insights are for global
energy system studies

(e-CO2), total primary energy demand (TPED). = All energy system studies are limited
Model Type Temporal Sectors Path eH:  Hotofuel eCHs ePtL eC0: efuels sharein = Not a Single energy system Study
resolution total TPED . . . .

W W W TWhl €03 [TWH [ exists with all five major e-
Cyderer et Q071 [REVNONAGPE O e T T8n 0 88 T9% fuels/chemicals
Elke cal@2) |VessPaNet S houry oM o 1750 now wes = Integrated Assessment Models for
[44] (DLR-EM), annual ) ]

AR IPCC lack any insights beyond

[Bz%gzti‘a]rll-;;]et al. LUTiEST'-'I B Opt  hourly T 40,153 31253 8590 12872 334 0162 201 hyd roge n
s oM, e B, 4 0 = = 3%+ Only two teams model e-liquids
[Bz%%t‘iga]r}g;]etal. LUT-ESTM Opt  hourly T 238 238 932 932 1.6% - Only two teams mOdeI e_methane
Eﬁ&?zn%? etal. VTT-TIMES Opt  time shces T 9,062 0 11814 30876 15.8% - e-hydrOgen iS a standard feature
Teskeetal (2018) [Mesap/PlaMNet Sim  annual T 6068 0 1496 8364 96%
74 (DLR.EM) o _ = Only one team uses e-CO,
i oo " e oot L Hiahest e-fuels d d d 30.000
[I_nﬁﬁfﬂeretal. (2017) |GEMeSYS-MOD  Opt  time slices T X 0 nla nia Ig est e-iuels e!nan aroup . !
.[.E[%J?scﬂr})etal. GATOR-GCMOM  Sim  annual 0 4517 0 /M7 38% TWh - bUt e-ChemIcaIs are mISSIng
El}‘reveiLta]l.QmT] LUT-ESM Opt  haurly o % %3 15 5 wa = Highest e-hydrogen demand around
73 .
Sqouridiz et al. MNETSET Sim  annual T n'a nia na nia 40,000 TWh W/O Chemlcals
(2016) [BE] .
Peummeisl RESON  Ost oy 0 Wa w130 1960 nia = Low results for e-fuels/chemicals due
[Dae?rlmg etal. (2012)  |Ecofys Sim  annual T 1875 0 1875 26 to outdated PV cost and h|gh biofuel
[E's]ke etal (2011) I:'.-E)eLGFipé";:?Net Sim annual T 1996 0 1996 15 assum ptions
E',l?ﬁ;f\fﬁi".ﬁa‘ﬁ'g,[ﬁﬂ]l GATOR-GCMOM Sim — annel 0 B 0 BN 197% source: Galimova et al., 2023. Global trading of renewable
(2011) [69], [89] electricity-based fuels and chemicals to enhance the energy
Serenzen (1995) [90] [unspecified Sim  annual 0 4380 0 4380 41%

transition across all sectors towards sustainability, under review



Global demand for e-fuels

50 000 45 000
45 000 1047 40 000
= 12174
£ 40 000 138 B 35 000
= 35 000 =
E 11185 Methanol demand (fossil, synthetic) E 30 000 3340 Methanol demand synthetic
§ 30 000 gl B
% 25 000 2646 Ammonia demand (fossil, synthetic) E 25 000 o Ammonia demand synthetic
2 10 808 et
28 926 L -
£ 2 20 000
% 20 000 Liquid hydrocarbons demand (fossil, bio, FT) % FT fuel demand
2 17555 m Methane demand (fossil, bio, synthetic) € 15 000 9516
s 15 000 5 o Methane demand synthetic (SNG, LNG)
s 10 000 Hydrogen final energy 10 000 2249
w - Hydrogen final energy
5 000 ws sooe 5 000 s009
2708
0 2944 0 m 2948
2030 2040 2050 2030 2040 2050

Fuels and Chemicals in general:

steady growth of chemicals

methanol represents non-ammonia chemicals

liquid hydrocarbons are in steady decline, mainly due to electrification of road transportation

methane demand in decline until 2040 with increase till 2050, with uncertainty for hydrogen substitution
e-fuels and e-chemicals:

= first markets during 2020s by 2030
= strong growth over the decades reaching a volume of more than 40,000 TWh
= less uncertainty for e-chemicals
= highest uncertainty for e-methane demand due to substitution by e-hydrogen, e-ammonia, e-methanol
100% renewable electricity for ambitious transitions source: Galimova et al., 2023. Global trading of renewable
16 Christian B » christian.b lut fi ChristianOnRE electricity-based fuels and chemicals to enhance the energy
ristian breyer B christian. reyer@ ut.n @ rnstiann transition across all sectors towards sustainability, under review
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Africa: Electricity the Basis for all Energy

100% | . . . nghllghts

80%

= The generation mix across the scenarios is
dominated by solar PV by 2050, representing
42 - 88% of the total electricity supply

60%

0%

20%

Electricity generation share [%]

= |n the BPS, the regional electricity supply mix
is dominated by solar PV single-axis tracking

& & é,,&“b ¥ & e §e°°°° & ‘§=,°°°0 & §=,°°°° in most of the regions due to excellent solar
Solar PV 20\2';“ m Hydro lBij::\zossIWaste u Geothermal lFossiTt‘l:.eonewable Gas mFossil Oil m Fo:::(:loal u Nuclear g%ntditihonsl an_d continuous COSt redUCtion in
echnologies.
o e ‘ ‘ A, L& 5 = Wind power and hydropower contribution
ZZZZZ " s il 0, ‘ i remains importa_nt; .however, these resour_ces
e T prgr i T ] ‘TW are not evenly distributed across the continent.
. s i o = Wind generation to be around 340 — 520 TWh in
e e e 2050, supplied mainly by countries around the
BT [ I ] _ e s [o N o » Sahara Desert, Horn of Africa, and some parts
Eﬂ | - = oy of Southern Africa.
e Pysini i = In 2050, hydropower generation will be around
o N 230 - 510 TWh, mainly supplied by countries in
-NRu::ironal electricity generation in 2050 — BPS -Nuu::gional electricity generation in 2050 — CPS Central and East Africa.

17 100% renewable electricity for ambitious transitions source:  Oyewo et al. 2022. Contextualizing the scope, scale, and speed of energy
Christian Breyer » christian.breyer@lut.fi @ChristianOnRE pathways toward sustainable development in Africa. iScience, 25, 104965
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India: Solar and Wind Deployment

Highlights

Several states of India have passed
20% PV & wind shares in electricity
generation

Some states remain strong in
hydropower, many keep wind power as
a substantial source of power, and all
benefit from high solar PV shares

By 2040 the energy transition in
electricity generation in India could be
largely done

Not shown:

= solar PV share would be higher for all
energy demand via Power-to-X
applications and very good
scalability

= Monsoon: strong grids,
complementarity with wind and
hydropower, and Power-to-X helps to
manage the monsoon season

source: Gulagi et al., 2022. Nature Communications, 13, 5499

100% renewable electricity for ambitious transitions
Christian Breyer » christian.breyer@lut.fi @cChri
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Abbreviations: AP Andhra Pradesh, BR Bihar, CH Chhattisgarh, DL New
Delhi, G) Gujarat, Daman and Dadra, HP Himachal Pradesh, HR Haryana, JH Jhark-
hand, JK Jammu-Kashmir, KA Karnataka, KL Kerala, MHGA Maharashtra and Goa,
MP Madhya Pradesh, NE North Eastern states, OR Odisha, PBCH Punjab and
Chandigarh, R] Rajasthan, TG Telangana, TNPY Tamil Nadu and Puducherry, UP AP
Uttar Pradesh, UT Uttarakhand, WBSK West Bengal and Sikkim.
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Capex
in 5-year intervals [b€]

e comm

The role of renewables for rapid
i of the

. . . . T . . . 1200 F
PV 70r 1 800
120 ] Wind S
I Hydro 60 | 1 1000 ¢ 700 =
100 , Biomass/Waste 6500 SN
I IcE =50} 1 — 800F 2
I OCGT = g 0 =
80 | W cceT S ol | 8 19000 75
I Coal W, 2 600 400 S B
60 { | Nuclear E)J 20k | ON = %
B Other generation 9 i (@] 300 x 3
40 | | Battery 400 - "
B PHES 20 1 @
200 c
Il Gas 200 - o
20 1 | Other storage 10 | Fuel cost 100 =)
; CO, cost -
Grids 2
0 i ' ' — ' 0 0
2020 2030 2040 2050 2020 2030 2040 2050 2020 2030 2040 2050
Years Years Years
® Demand
O Generation
[ Electricity from storage (abs.): 1545 TWh
A Electricity from storage (rel.): 22%
10 ! £ Electricity trade (abs.): 823 TWh
[ ) Electricity trade (rel.): 12%
219 18 Electricity excess (abs.): 513 TWh
106 [} Electricity excess (rel.): 7%
121
28 o 4

©——@ =N Highlights

e{ RS gn ° = Most electricity is generated in states of demand, less than 25% of
1R O TV e electricity demand needs to be stored, curtailment is low
@ BT e = Substantial investments required: solar PV, wind power, batteries, grids
\ = Levelised cost of electricity (LCOE) can decline by 40%
.?"\”3 ¢ = CO, emissions in power generation can be almost stopped by 2040
© source: Gulagi et al., 2022. Nature Communications, 13, 5499

stianOnRE
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Global: 100% Renewable Energy System by 2050
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20,000

100,000 -
80,000
60,000 -

40,000 -

- - = | Il Coal PP hard coal
0

Ml ccer
M ocer
* I Methane CHP
B ice
[ oil CHP
7 | M Biomass solid
[ Biomass CHP
Il Waste-to-energy CHP
Biogas CHP
I Geothermal electricity
_ |IMcsPsT
PV fixed tilted
PV single-axis
PV prosumers
[ Wind onshore
Il Wind offshore
M Hydro run-of-river

Il Hydro reservoir (dam)

Il Coal CHP

2020 2030 2040 2050 B Nuclear PP

Years

2050
%

100%

Levelised cost of energy [€/MWHh]

PV fixed tilted

. CCGT

. oCcGT

I \Victhane CHP
Methane DH

14,000 -

o
=]
T

12,000

H
10,000 I Heat pump IH

&~
=]

()
Q2
=
L]
©
2 I Geothermal electricity Fischer-Tropsch
@ Geothermal heat DH I LNG
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Key insights:

= Low-cost PV-wind-battery-electrolyser-DAC leads to a
cost-neutral energy transition towards 2050

This implies about 63 TW of PV, 74 TWh,, of battery, 13
Gecthrml TW,, of electrolysers by 2050 for the energy system

Solar PV

= Wind energy

m Hydropower

Biomass/Waste

= Fossil Coal

i< This leads to about 3 TW/a of PV, 850 GW,, of
et electrolyser installations in 2040s

® Nuclear

PV contributes 69% of all primary energy

= Massive investments are required, mainly for PV,
battery, heat pumps, wind power, electrolysers, PtX
100% renewable electricity for ambitious transitions source: Bogdanov et al., 2021. Energy, 227, 120467
Christian Breyer » christian.breyer@lut.fi @ChristianOnRE EWGILUT, 2019. Global Energy System based on 100% RE
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100% Renewable Energy System by 2050
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Key insights:
= Low-cost PV leads to a cost-neutral energy transition towards 2050

PV Production and Cum. Capacity (GW)

= This implies about 63 TW of PV by 2050 for the energy system - P

= This leads to about 3 TW/a of PV installations in 2040s N SO Sy R

- This view is now common sense among PV experts 2010 2020 2030 2040 Zﬂ‘i:ar 2060 2070 2080 2090 2100
= ITRPV uses thIS Scenal'lo as the mOSt progreSS|Ve Scenarlo FIG. 4. Slow growth scenario of the PV industry would require increasing the

. . | producti I to almost 10 GW p.a. with a risk of jor downturn i
= ISE & NREL & AIST et al. use this scenario 2065 and several rigpes every 25year, compare 1 a fat growh scenaro o
. . . . . 25% p.a. minimum, bringing the annual production to a stabilized level of about

= Pierre Verlinden based the manufacturing ramping on it 3GWpa.

o . . \ R Haegel et al., 2019. Science
Christian Breyer » christian.breyer@lut.fi @ChristianOnRE Verlinden, 2020. J Renew Sustain Eneray

100% renewable electricity for ambitious transitions source: VOMA, 2022, [TRPY
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ORLD
U ENERG)
PV Projecti f IEA and IRENA ekt
Figure 3.11 = Solar PV and wind installed capacity in the NZE
Solar PV Wind
16 000 FIGURE 2.3 Global total power generatlon and the Installed capacity of power generation
% sources In 1.5°C Scenarlo In 2018, 2030 and 2050
12 000 Electricity generation (TWh) EEO ggy Electricity capacity (GW)
E: 63% 2050
90 000 VRE: 63% 35000 \R,E:;%?%
8000 75000 30 000 :
50000 2030 25000
RE: 65%
T ee— VRE: 42% 20000 2030
45000 — 2018 — RE T6%
RE: 25% 15000 :
20000 VRE % 2018
RE: 33%
10 000 ;
2010 2020 2030 2040 2050 2010 2020 2030 2040 2050 . - VRE: 15%
15000 ——
® Emerging market and developing economies Advanced economies - 3000 —_— e
Table 2.6 Key depl t milest: f bl 0 0
able £.0 > ey deployment milestones for renewaples
Sector 2020 2030 2050 2018 2030 2050 2018 2030 2050
Electricity sector Where we need to be (1.5-S) Where we need to be (1.5-5)
Renewables share in generation 29% 61% 88% . .
Annual capacity additions (GW): Total solar PV 134 630 630 . Coal . (Hey;((gopumped) . 28‘%3)55 Solar PV Wind offshore . Geothermal
Total wind 114 390 150 @ oi ’ Biomass cspP Wind onshore @ Tidal/Wave
— of which: Offshore wind 5 80 70 Natural Gas (waste) Hydrogen
Dispatchable renewables 31 120 a0 . Nuclear Biogas

Key insights:

IEA massively underestimated PV in the past

Not many signals for improvement, IEA & IRENA reach about 14 TW in 2050

IEAWEO: 630 GWI/a in 2030, then zero and negative market growth until 2050 ...

IRENA: 440 GWI/a in 2030 to 2050 ...

Both, IEA WEO & IRENA seem to require more scientific support for techno-economic possible paths and
business support what industry is delivering to markets; core deficit: lack of electrification in scenarios

100% renewable electricity for ambitious transitions
Christian Breyer » christian.breyer@lut.fi @ChristianOnRE
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Background and insights:

2015 2020 2025 2030 2035 2040 2045 2050

Power sector analysed
World in 9 regions studied
Hourly resolution used
Transition till 2050 compared -
IEAWEO, Teske/DLR, LUT scenarios conS|dered

IEA WEO scenarios represent worst case: high cost
and lowest CO, reduction performance, also due to
higher cost of fossil CCS and nuclear

100% RE is doable for different paths: least cost with
higher PV share vs higher diversity for higher cost
Least cost power sector for 100% RE in 2030s

IEA WEO NZE2050 but also IRENA scenarios lack
transparence, thus could not be considered

Source:

Aghahosseini et
al., 2023. Applied

Energy, 331,
~ 120401

LUT - BPS-NWF = LUT - BPS-WF = LUT - BPS-Plus2040
® LUT - BPS-Plus2035 m LUT - BPS-Plus2030 = Teske/DLR - 2.0C
Teske/DLR - 1.5C IEA - SDS m |[EA - STEPS
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Do we have enough Raw Materials?

Key insights:
= This is ongoing research; almost no one linked materials demand to highly ambitious scenarios
= Solar PV
= Silicon and glass should be fine, also aluminium if required
= Silver will be not enough, but can be substituted by copper or aluminium
Wind power
= Cement, steel and copper should be fine
= Neodymium and dysprosium for PMG limited, but not necessarily required
Batteries
= Cobalt-free Li-ion batteries may be soon the standard also in electric vehicles
= Lithium is at the edge, even if reserves may be enough, then ramping extraction may be limited
= Lithium from desalination brines and also oceans may be an ultimate solution
= Batteries based on Mg, Al, Na, etc. may tackle the challenge
Electrolysers
= PEM is limited due to iridium need (15-50 GW/a)
= AEL seems not to be limited
CO, direct air capture
= No limitation known so for

more investigation required, but seems to be doable; AND, circular economy is a MUST

n 100% renewable electricity for ambitious transitions source: Breyer et al., 2022. IEEE Access 10, 78176-78218

. . . . . Greim et al., 2020. Nature Communications, 11, 4570
Christian Breyer » christian.breyer@lut.fi @ChristianOnRE Junne et al.. 2020, Eneray, 211, 118532
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PV & wind are no firm capacity for baseload

100% RE would be not affordable

Transition would require fossil fuels for

building renewable systems thus more CO,

emissions

Lack of materials for energy transition

Degrowth and declining demand required

Hourly resolution is standard for real weather years, real
demand profiles and detailed system representation

100% RE systems for same or less costs than systems with
substantial fossil CCS or nuclear shares

Energy pay back time of PV around 1 year, wind <1 year
and operation of 30 years; 100% RE system energy return
on energy invested table between 10-15, while fossil EROI
decline

Substantial materials supply ramping required, while the
only really limiting material seems to be lithium, thus
massive research for alternative chemistries required (e.g.
Na, Al, Mg based batteries)

100% RE systems are scalable and support a prosperous
economy, while circular economy is a must, powered by
low-cost PV & wind & battery & electrolysers & DAC

100% renewable electricity for ambitious transitions

source: Breyer et al., 2022. IEEE Access, 10, 78176-78218
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Summary

» Energy transition reaching zero CO, emissions by mid-century is feasible

» Faster transition is required for true leaders, absolute zero by 2040 is possible

» Electrification is low-cost and highly efficient

> PV benefits most from comprehensive electrification (direct and indirect)

» Power-to-X Economy is THE characteristic structure of the arising energy system

» Common insights: 100% RE is doable, electrification is key, PtX for hard-to-abate

> Conflicts: role of PV vs wind, sustainability of bioenergy, hydrogen-to-X, CO,-to-X
» Blind sports: Global South analyses, critical materials, true global-local view

» Learnings for policy makers: new investments matter, talk to progressive scientists
» Main constraint: clear legally binding targets and willingness to execute the paths

> Awareness required that international organisations (and consultants) lag behind

100% renewable electricity for ambitious transitions
Christian Breyer » christian.breyer@lut.fi @ChristianOnRE
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Thank you for your attention ...
... and to the team!

new publications also announced via Twitter: @ChristianOnRE

all publications at: www.scopus.com/authid/detail.uri?authorld=39761029000 &
™ 4

Open your mind. LUT.

Lappeenranta University of Technology
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LUT model in Comparison D
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Leading Energy System Models ranked by number of published journal articles. Some selected key functionalities of the leading ESMs are displayed, as they are regarded to be key for further progress in the field of 100%
RE system analyses. Selection criterion had been more than five articles detected for 100% RE system analyses. Citations comprise the Scopus recordings until early July 2021 for the total and the annual value for 2020.

Model articles  citations model used for 100% RE  inter-connected multi-node  Full hourly  multi-sector  Detailed industry  relevant CDR ~ optimi-sation  simu-lation  transi-tion  over-night
total 2020  earliest  latest

EnergyPLAN 73 6670 1031 2006 2021 yes ves yes no no no* yes no yes
LUT model 63 1983 649 2015 2021 yes ves yes Yes no yes yes yes yes
HOMER 22 1044 228 2007 2021 no yes no no no yes yes no yes
TIMES 19 601 137 2011 2021 no no yes yes no yes yes yes yes
AU model 16 1188 145 2010 2018 yes ves no no no ves yes no yes
PyPSA 16 440 169 2017 2021 yes ves yes no no yes no yes yes
GENeSYS-MOD 10 141 57 2017 2021 yes no yes no no yes no yes no
LOADMATCH 10 925 240 2015 2021 no yes yes no no no ves ves no
REMix 10 439 113 2016 2018 yes ves yes no no yes yes no yes
1SA model ] 126 43 2016 2020 no ves yes no no ves no no yes
NEMO 7 366 82 2012 2017 yes ves no no no yes no no yes
H-.RES 6 674 47 2004 2011 no yes yes no no no yes no yes
MESAP/PlaNet 6 207 48 2009 2021 no no yes no no no yes yes yes
others 292 9204 1694

total 550 24,600 4800

* EnergyPLAN itself is not able for optimisation, however, the EPLANopt [45] derivative allows optimisationsgource: Lopez’ Brever et a|.’ 2022. Renew Sustain Enerqv Rev' 164’ 112452

100% renewable electricity for ambitious transitions
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Studies and Citations per Country

52 138 370 991 2656 7117
Studies per country Citations per country

The US is the country for which the most country studies have been performed (45 studies in total)
Europe leads with 181 studies in total: DK with 39 studies, DE with 35, all others below 15

AU has been analysed with 30 studies

Huge research gaps for sunbelt countries, in particular in Africa, South Asia and Southeast Asia

Citations analysis of first author affiliation documents a high aggregation of 100% RE research in a few
countries (DK, DE, US, Fl), often also for countries without own 100% RE research, but with researchers
from these countries

100% renewable electricity for ambitious transitions source: Khalili and Breyer, 2022. IEEE Access, 10, 125792-125834
Christian Breyer » christian.breyer@lut.fi @ChristianOnRE
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Scientific studies on PV demand
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Nl = Since 2018, almost all scientific 100% RE studies find round 40,000 TWh of PV in 2050 or higher

(exception is Teske/DLR et al. who strongly bet on CSP which leads to higher cost)

Two studies find around 100,000 TWh of PV in 2050 (Pursiheimo et al., Bogdanov/Breyer et al.)
Related capacities are around 22-27 TW for 40 PWh and 49-63 TW for 100 PWh

Energy-climate researchers started to notice PV with 58 PWh in 2050

Contribution of wind power is declining since years, a consequence of low-cost PV/ batteries/
electrolysers

100% renewable electricity for ambitious transitions source: Breyer et al., 2022. IEEE Access 10, 78176-78218
Christian Breyer » christian.breyer@lut.fi @ChristianOnRE



https://ieeexplore.ieee.org/document/9837910
https://twitter.com/ChristianOnRE

e-fuels in 100% RE Systems Studies

PtX e-fuels/ e-chemicals in 100% RE system analyses

0 25 50 75 100 125 150 175 200 225 250 275 300 325

articles PtX
PtG H2

PtG CH4
PtG H2,CH4
PtL FTL

PtL MeOH/DME

PtL NH3

PtG H2,CH4 PtL FTL,MeOH,NH3

CO,-to-X: CO, source

CCU bioenergy
W CCU bioenergy, DAC
= CCUDAC
Bm CCUDACSWC
B CCU thermal
CCU industry
not disclosed

review basis: 550 articles on 100% RE system
analyses (as for the bibliometric analysis)

45% of all 100% RE articles do NOT comprise
e-fuels

e-fuels/chemical beyond H,/CH, are
practically not used

1 single article covers the five main e-fuels/
chemicals

CO, source dominated by DAC, then
bioenergy, no industry

48% of all CO,-to-X articles from LUT

gaps e-fuels: multiple gaps for all e-fuels/
chemicals; huge gaps beyond H,/CH,

gaps CO,-to-X: models/modlers do not cover
this; bio-CO, and industrial CCU lacking

100% renewable electricity for ambitious transitions
Christian Breyer » christian.breyer@lut.fi @ChristianOnRE

source: Galimova, Khalili, et al. 2022. Journal of
Cleaner Production, 373, 133920



https://www.sciencedirect.com/science/article/pii/S0959652622034928
https://twitter.com/ChristianOnRE

CO, as raw material for e-fuels and e-chemicals

CO, supply for hydrocarbon-based PtX - global CO, supply for hydrocarbon-based PtX - Europe
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= Finally, 80% of global CO, raw material demand needs to be covered by direct air capture (DAC), while
the DAC demand in Europe is slightly lower at 76%

= Industrial phase-in of DAC is critical in 2020s, as point sources are available, while DAC requires a first
market ramp-up for massive scaling in 2030s and 2040s

= DAC and carbon utilisation (DACCU) for e-fuels/chemicals is the first huge phase-in DAC deployment

= DAC of carbon and storage (DACCS) is expected to be the second huge phase for DAC demand starting
in 2040s (not included in diagrams)

source: Galimova et al., 2022. Global demand analysis for carbon dioxide as raw
material from key industrial sources and direct air capture to produce renewable
electricity-based fuels and chemicals, Journal of Cleaner Production, 373, 133920

100% renewable electricity for ambitious transitions
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Lithium - a potentially limiting raw Material
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Key insights:

No consensus on the Lithium availability

Matching various supply and demand scenarios
almost always leads to supply shortage (total
resource in 2060s/2070s, annual supply earlier)
Circular economy is a must for Lithium

Lithium based batteries can carry the energy
transition far, but not fully

Alternative battery concepts needed, such on
Aluminium or Magnesium basis

Extraction of Lithium from desalination brines may

Cumulative availability [Mt Li]

contribute in addition 15-50% of Lithium demand

100% renewable electricity for ambitious transitions
Christian Breyer » christian.breyer@lut.fi

@ChristianOnRE

source: Greim, Solomon, Breyer et al., 2020. Nature Communications, 11, 4570
Lundaev, Solomon, Caldera, Breyer, 2022. Minerals Engineering, 185, 107652
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