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Key insights:

= CO, emissions are dominated by
fossil fuels

Emissions are at historic record
levels

Emissions have to reach
absolute zero

Carbon budget for 1.5°C (67%) is
to be used by 2030

Carbon budget for 1.5°C (83%)
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friendly food system (very likely range) o ]
i = Faster transition and net negative
CO, emissions are required
et b = Absolute zero CO, emissions
around 2040 must be targeted
100% RE Systems for Europe enabled by PtX Economy source: IPCC, 2020. 6th Assessment Report WG Il

Christian Breyer » christian.breyer@lut.fi

%" @ChristianOnRE


https://twitter.com/ChristianOnRE

SOLAR
23,000 TWylyear

2009 World energy
consumption
16 TWylyear

2050: 28 TWy

Photovoltaics (PV) Onshore wind
600 600
g 450 450
=
S
S 300 300
2
z
S 150 150\__\
0 0
2000 2010 2020 2000 2010 2020
800 800
— 600 600
=
S
& 400 400
=3
2
= 200 200
0 0
2000 2010 2020 2000 2010 2020

of ele Shar
pr chiced i 2020, 35 p

Market cost
Adoption (note different scales)

Offshore wind
600

450

300 :

150 Mj\ﬂ”\
]

0 |
2000 2010 2020

40
30

20

2000 2010 2020

AR5 (2010)
Fossil fuel cost (2020)

215
otal

Natural Gas

Petroleum

90-300
Total

Uranium

Concentrating
solar power (CSP)
600

450

300

150

0
2000 2010 2020

40

30

20

10

0
2000 2010 2020

Batteries for passenger

electric vehicles (EVs)

1600

1200

800

400

Li-on battery packs (52020/kWh)

0

2000 2010 2020

8

3

Adaption (millions of EVs)
s

2000 2010 2020

100% RE Systems for Europe enabled by PtX Economy
Christian Breyer » christian.breyer@lut.fi

@Christi

source:

Electricity Heat Transport

Fossil-fuel condensing power station Gas heating Internal-combustion engine

Losses
Losses

Losses

Electricity Propulsion

40 % efficiency 85 % efficiency 25 - 40 % efficiency*
Wind/solar energy Heat pumps Electric mobility

100 % efficiency 340 % efficiency 80 % efficiency

Losses

Losses

Tomorrow

Propulsion

* 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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Resources in Finland
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1 Small-scale
combustion of wood

Key insights:
bioenergy is very important for Finland, however,
will be limited, maybe even shrinking
Wind energy is excellent in northern hemisphere,
also in Finland, onshore and offshore
Solar energy is good in Finland maybe the least
cost energy source in Finland in future
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= 100% RE Systems for Europe enabled by PtX Economy
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FIGURE 10 Comparison of photovoltaics (PV) levelised cost of
. ] . electricity (LCOE) and average day-ahead spot market prices 2018 in
source: Vartlalnen et al-u 2020- Proqress In PV- 28- 439'453 six European locations. 2018 capital expenditure (CAPEX) assumption
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Key insights:

= Solar PV is most likely the by far most underestimated -
source of domestic energy 063 © orzn @

= |t is low-cost, already today, with about 40-50 €/ MWh

= Rooftop PV costs about 1100 €/kWp installed (early 2024).

= The 2022 wholesale electricity prices have been typically
200-600 €/MWh

= Best day of the year 2022 was 412 MW of PV according to
Fingrid; in early February 2024 already 200 MW.

= Solar and wind energy are complementary (see 30.6. daytime
and 1.9. as of now

= Massive ramping of solar PV (and wind power) would create
an enormous benefit for Finland 2687w © 12w © g, tow @ Ow O
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Solar PV Installations: past and near Future
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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
Solar PV shows the fastest phase-in in history (+30% annual installs in 2022)

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

201 "2 13 14 15 16 7 18 19 20 21 '22 2023

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% RE Systems for Europe enabled by PtX Economy

Volume In: Encyclopedia of Sustainability Science and Technology, online

Christian Breyer P christian.breyer@lut.fi @ChristianOnRE Victoria et al.. 2021. Joule 5. 1041-1056
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Power Market Development: 2007 - 2021

Share of global capacity additions by technology

Empiric trends:
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Solar 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% RE Systems for Europe enabled by PtX Economy source: BNEF, Power Transition Trends 2022
Christian Breyer » christian.breyer@lut.fi @ChristianOnRE
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Levelised Cost of Electricity for PV and Wind

Levelised cost of electricity PV (fixed tilted), in 2050 Levelised cost of electricity PV (single-axis tracking), in 2050
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= Low-cost electricity is a pillar of e-fuels

= Single-axis tracking PV provides lower LCOE at 20-30%
higher FLh, compared to fixed tilted PV

" The least PV LCOE (in Atacama Desert) declines from about
12 to 7 €/MWh in 2030 to 2050, respectively. A

" More than 10 real projects already announced for LCOE
below 20 €/ MWh.

= Low-cost PV would be accessible worldwide by 2030 and
beyond.
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" The least wind LCOE (in Patagonia) declines from about 18
to 15 €/MWh in 2030 to 2050, respectively

100% RE Systems - Global and European Perspective
Christian Breyer » christian.breyer@lut.fi @ChristianOnRE
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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”

= The first global analysis for a 100% RE system published in 1996 in a journal, by Serensen

= The first multi-node, hourly and large region 100% RE analysis in 2005 by Czisch

= 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

= 1000+ articles have been published in which 100% RE system analysis have been taken into consideration

100% RE Systems for Europe enabled by PtX Economy 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

1400
IEEE Access 150
— — 140 1200
de < 1uly 2022, date of publication 25 July 2022, date of cunrent version 23 July 2022. 130 1000
120
E 8OO
110 s
%HH- TOPICAL REVIEW £
100 % w
On the History and Future of 100% Renewable 920 "
Energy Systems Research 80
200
70
CHRISTIAN BREYER™", SIAVASH KHALILI!, DMITRI BOGDANOVC1, MANISH RAM!, 60
AYOBAMI SOLOMON OYEWO' 1, ARMAN AGHAHOSSEINI', ASHISH GULAGI™, @ — i nmsssnEsgs
A. A SOLOMON"", DOMINIK KEINER', GABRIEL LOPEZ', POUL ALBERG vaerkcAAnD’ 50 EECE¥EnEEeERgR 58388588 ¢8¢§8¢8
HENRIK LUNDZ, BRIAN V. MATHIESEN®, MARK Z. JACOBSON 4, MARTA VICTORIA"*,
SVEN TESKES, THOMAS PREGGER?, VASILIS FTHENAKIS®, (Fellow, IEEE), MARCO RAUGEI®®2, 40
HANNELE HOLTTINEN- 1.1 (Senior Member, IEEE), UGO BARDI'?, AUKE HOEKSTRA'3,
30
20
10 =
0 | |

From top to bottom:
development of
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Key insights: Co o B e s
= Research field is growing at high dynamics v
= Entirely renewable systems research now established

= >1400 individual researchers involved in 100% RE articles

= 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% RE Systems for Europe enabled by PtX Economy

12 Christian Breyer » christian.breyer@lut.fi @ChristianOnRE

source: Breyer et al., 2022. IEEE Access 10, 78176-78218
Khalili et al., 2022. IEEE Access, 10, 125792-125834
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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% RE Systems for Europe enabled by PtX Economy source: Breyer et al., 2022. IEEE Access 10, 78176-78218
Christian Breyer » christian.breyer@lut.fi @ChristianOnRE
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LUT Energy System Transition Model (LUT-ESTM)

recent reports
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Key features:

full hourly resolution, applied in global-local studies, comprising about 150 technologies
used for several major reports, in about 75 scientific studies, published on all levels, including Nature
strong consideration on all kinds of Power-to-X (heat, fuels, chemicals, materials, freshwater, CO,, CDR, forests)

source: Bogdanov, Breyer et al., 2021. Full energy sector transition towards

0
15 100_A’ BE Systems for E_u"_)pe enabled by l.’tX Economy_ . 100% renewable energy supply: integrating power, heat, transport and
Christian Breyer P christian.breyer@Iut.fi @ChristianOnRE industry sectors including desalination, Applied Energy, 283, 116273
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Global: 100% Renewable Energy System by 2050
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Key insights:
= Low-cost PV-wind-battery-electrolyser-DAC leads to a
i cost-neutral energy transition towards 2050

= Wind energy

e This implies about 63 TW of PV, 8 TW of wind power, 74
nens — TWhe,, of battery, 13 TW, of electrolysers by 2050 for
oo wscs the energy system
This leads to about 3 TW/a of PV, 850 GW,, of
o electrolyser installations in 2040s
PV contributes 69% of all primary energy
Massive investments are required, mainly for PV,

battery, heat pumps, wind power, electrolysers, PtX

M Fossil Gas

16 100% RE Systems for Europe enabled by PtX Economy source: Bogdanov et al., 2021. Energy, 227, 120467
Christian Breyer » christian.breyer@lut.fi @ChristianOnRE EWG/LUT, 2019. Global Energy System based on 100% RE
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Key insights:

Electricity emerges to the dominant primary energy source (<5% » 90%), driven by low-cost and efficiency

Electricity share in final energy is not structurally changing (22% » 45%)

Transition from combustion-based to electron-based society is the fundamental driver, due to efficiency and low-cost
Power-to-X (heat, fuels, mobility, clean water, refined materials, chemicals) explains the discrepancy of TPED vs TFED
Electricity becomes challenging in discussions, as primary energy, secondary energy, energy carrier, final energy

It is NO contradiction to generate electricity and sell molecules, it’s just upstream and downstream business

Storage in the PtX Economy source: Bogdanov et al., 2021. Energy, 227, 120467
Christian Breyer » christian.breyer@lut.fi % @ChristianOnRE EWG/LUT, 2019. Global Energy System based on 100% RE
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100% Renewable Energy System by 2050

Annual Market & Shipments [GWp]
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Key insights:

= Low-cost PV leads to a cost-neutral energy transition towards 2050

source: VDMA, 2022. ITRPV
Haegel et al., 2023. Science

PV installations and growth toward 75 TW by 2050
Modeled cumulative capacity going forward is based on sustaining 25%
production rate growth over the next 7 years and then reducing slowly to steady
state. Replacement needs are included by simple subtraction of installations

25 years before the modeled date.
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Regional electricity demand supplied by solar PV
The data reflect annual percentages of historical regional demand (2010 and 2021) and
modeled demand projections (2050). See supplementary materials for details.

100 Modeled 2050

= This implies about 63 TW of PV by 2050 for the energy system & ® Annual 2021 - Ao

about 75 TW of PV for the energy-industry system (chemicals, etc.)

= This leads to about 3 TW/a of PV installations in 2040s
= This view is now common sense among PV experts

Pierre Verlinden based the manu

ITRPV uses this scenario as the most progressive scenario
ISE & NREL & AIST et al. use this scenario

facturing ramping on it

100% RE Systems for Europe enabled by PtX Economy

Christian Breyer » christian.breyer@lut.fi
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Cumulative CO, emissions [Gt CO,]

Comparing Scenarios of varying Ambitions
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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
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Desalination-based Afforestation

iy =
¥ - ‘ 5 g f ; ) x IAooo
; i)m h ) N ‘ ' ] 3000
.{ | g l. w r‘ y 2000
“\; 73 l I1000
600 | B World B Wexico Cumulative CO, (GICO,)
= Why not greening the deserts? With substantial CDR S w0 === @
potential, enormous co-benefits and little land-use issues ¢ ||
= Precondition: extremely low electricity cost and seawater §ao = .
reverse osmosis desalination S 100 : i
. . . . Q
= This is a conceptionally new CDR option 5
= CDR potential in this century about 700 GtCO, T 200 > 1
= Cost potential below 200 €/tCO, with below 100 €/tCO, in : T ¢ ; V 9
best regions A v
= Co-benefits with regional cooling may be very attractive 2030 2040 2050 2060 2070 2080 2090 2100
Year
|

Time lag of about 20 years between investment and
substantial CO, sequestration is a challenge

100% RE Systems for Europe enabled by PtX Economy source: Caldera U, Breyer C., 2023. Afforesting arid land with renewable electricity
Christian Breyer » christian.breyer@lut.fi @ChristianOnRE and desalination to mitigate climate change, Nature Sustainability, online
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Global: Hydrogen demand in a Power-to-X Economy .,

Table 1, Electricity and kydrogen demand across the epergy-industry system in 2030, 2040, and 2050 for
energy uses, steelmaking, and chemical feedstocks. The bydrogen demand is inked to electrolyser capacity
demand. The hydrogen demand 15 induced by Hi-based products demand and leads to CO; as raw matenal

?ﬁﬁ{aﬁ;h};ﬁncaﬁuﬂs. Lower heating values (LHV) are used, and electrolyser efficiencies are alizned to - Hyd rogen is a Subset of the PtX Economy
2030 2040 2050 ref = Main demand: e'fuels (marine, aViation), e'

ieomiely dermond for lechroh - o mes chemicals, e-steel - ammonia, methanol

Stcchuaking TWhe 3718 5601 6281 9] kerosene jet fuel

e s = Primary energy supply from renewable

Hydrogen demand _ electricity: mainly PV plus wind power

Energy system TWhe 1y 356 11,529 34,244 [49] . . ; .

Steelmaking TWhroom 1755 3772 1371 [58] = Direct electrification wherever possible:

T o electric vehicles, heat pumps, desalination,

Electrolyser capacity - lllg - - 5 etc_

Enersv system B THY 2 252 R . . .

e e so1 L7 120 59 = Indirect electrification for e-fuels (marine,

Sietical feedsocks gf;f;‘; o > ol aviation), e-chemicals, e-steel;

H; based products demand = Most routes are power-to-hydrogen-to-X

e Hydrogen TWhez1sv 2,051 6.274 11,963  [49.58.59]

e-Methane® TWhess v 78 778 7419 [49]

B L : o Tt = Numbers shown here represent the highest

= Ammonia TWhes v 76 88 165 [ ever published H, and H,-to-X demand

e-Methancl TWhpseow tsv 2,193 9.495 15,402 [539]

Total TWheal e 1,492 11877 48,384

CO; raw material demand

e-Methane MtCO: 14 153 1458 [49] Source:

e-FTL fuels MiCO 1 1373 28719 149 Breyer, Lopez, et al., 2023. The role of electricity-based

:i&;ﬁfﬁa :ﬁg 529 ,‘3;‘38 4"56‘:'3 Ez} hydrogen in the emerging Power-to-X Economy, International

Total NICO; z04 1057 9135 J of Hydrogen Energy

Galimova et al., 2023. Global trading of renewable electricity-

21 100% RE Systems for Europe enabled by PtX Economy based fuels and chemicals to enhance the energy transition
Christian Breyer » christian.breyer@lut.fi %% @ChristianOnRE across all sectors towards sustainability, RSER
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Solar PV in the 215t century

Global solar PV - total by major region Global - CQ, emissions by sector Eueryy
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Agenda

= Background

= 100% Renewable Energy Research
= Global: 100% Renewables

= Europe: 100% Renewables

= Finland: Highly Renewables

= Summary

100% RE Systems for Europe enabled by PtX Economy
Christian Breyer » christian.breyer@lut.fi @ChristianOnRE
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Solar PV Share in 100% RE Studies for Europe

. JPED and electricity supply of Solar PV and Wind in 2050 Key insights:

journal articles
20 -

80k

70 Plessmann & Blechinger
Lehtveer et al.
60 Backe et al.

Rodrigues et al.

Aueret al.

Backe'et al. Loffler
Ringkjob.et al. Hainsch et al.

Auer etal.
[ ]

50

40 L Pietzcker et al.
Child et al.Victoria et al.
Chitd etal.” " & ° Mod

Wind power penetration (%)

Mod Lead Lpa
o0

30
Holz et al.

20

10 -

0

- TPED = 2 main groups:

Electricity] = high PV & wind: more PV

= high PV & wind: more wind
PV & wind electricity share >80% standard
PV & wind TPED share in 65-85% range
PV shares around 30-40% by 2050 standard for Europe
Victoria et al. is very close with 56% PV share
This research (link below) finds 61-63% PV share while
a most recent one finds 54% PV share
Reasons for PV shares >50%

= low-cost of PV & hatteries & electrolysers

= high levels of electrification

= high levels of PtX: PV benefits strongly from H, buffering
Difference between 50% and 60% PV share

= PV differentiation: PV prosumers (R/C/l), fixed and 1-axis

0 10 20 30 40 50 60 70

Solar PV penetration (%)

80 90 100 = independent optimisation of PV options
= forcing of supply, e.g. wind offshore, also wave, etc.

= Major reports for public discourse document lack of up-to-date knowledge of consultants
= McKinsey (20% PV share in 2050), DNV (15%), Navigant (14%); IEA WEO SDS (13%) NZE without regional data
= Jlack of ambition: no 100% RE scenario known, much fossil CCS and nuclear, low levels of electrification
= oversimplified models: low temporal and spatial resolution, no cost optimisation, low levels of PtX and sector coupling
= cost assumptions used often violate market trends (too high renewables cost, too low CCS & nuclear costs)

Christian Breyer » christian.breyer@lut.fi

n 100% RE Systems for Europe enabled by PtX Economy

source: Breyer, Bogdanov, Ram, et al., 2023. Energy transition
@ChristianOnRE from a European perspective. Progress in Photovoltaics
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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?

Greens/EFA, Accelerating the European RE
transition, Brussels, Sepember, 2022

PtX Economy

source:
i @ChristianOnRE SERENDS PD
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Overview
Europe - 20 Regions (inclusive of EU-27)

RENEWABLE
ENERGY

TRANSITION
SWEDEN

ICELAND
FINLAND

NORWAY

Tt

1
\‘\

“L

DENMARK - BALTIC
link to report UKAND IRELAND  genE; yx POLAND
GERMANY
. . i CZECH REPUBLIC SLOVAKIA
Important information: UKRAINE MOLDOVA
= report is for EU-27 FRANCE SWITZERLAND~—_AUSTRIA HONGARY
= investigation was done for entire Europe (grid TTALY € 7\ BALKAN-WEST" BALKAN-EAST

integration, overall European perspective)
= results shown in the following are for entire

Europe IvERA TURKEY CYPRUS
= there are no structural differences

Europe is structured into 20 Regions that includes all 27 EU member states:
= |celand, Norway, Denmark, Sweden, Finland, BALTIC (Estonia+Latvia+Lithuania),
= Germany, Poland, CRS (Czech Republic+Slovakia), AUH (Austria+Hungary), CH (Switzerland+Liechtenstein)
= IBERIA (Portugal+Spain+Gibraltar), France (France+Monaco+Andorra), Italy (Italy+San Marino+Vatican+Malta)
= BRI (Ireland+United Kingdom), BNL (Belgium+Netherlands+Luxembourg)
= BKN-W (Slovenia+CroatiatBosnia and Hertzegovina+Kosovo+Serbia+Montenegro+Macedonia+Albania), BKN-E
(Romania+Bulgaria+Greece), UA (Ukraine+Moldova), TR (Turkey+Cyprus)

100% RE Systems for Europe enabled by PtX Economy SERENDI
Christian Breyer » christian.breyer@lut.fi @ChristianOnRE P@
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System Outlook — Energy Flows in 2020 ‘v

Europe - 2020
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100% RE Systems for Europe enabled by PtX Economy SEREND! source: Greens/EFA, Accelerating the European RE
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Long-term Demand: Primary, Final, Electricity
Scenario Comparison
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100 Key Ins'ghts 2020 2030 2040 2050
s = Energy demand growth in the power, heat, transport and industry sectors
is aggregated and linked to powertrain transformation and diffusion of
80% . .
o conversion technologies.
— 70% . g . . . . .
g = Comprehensive electrification is the underlying theme, which massively
g e0% increases overall energy efficiency to an even higher growth rate in
7 So% provided energy services.
g o = Massive increase in electricity generation required, scaled by PV & wind
3 0% — = Efficiency gains vary across the scenarios, with all the 3 scenarios
20% —O—RES-2040 gaining around 34-42% in comparison to a low electrification demand
10% © RES-2035 with an assumed business-as-usual growth with current levels.
0%

= Increased electrification combined with high shares of renewables is far

2020 2025 2030 2035 2040 2045 2050 . u . .
more efficient than the current fossil fuels dominated energy system.

Years

100% RE Systems for Europe enabled by PtX Economy SEREND! source: Greens/EFA, Accelerating the European RE
Christian Breyer » christian.breyer@lut.fi @ChristianOnRE PV, transition, Brussels, Sepember, 2022
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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
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Regional Outlook - Electricity capacities and generation in 2050
RES-2040 Scenario

Regional electricity capacities Regional electricity generation
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Key insights:

= Electricity generation is comprised of demand for the sectors power, heat, transport and industry

= Solar PV capacities are predominantly in the southern regions of Europe, while wind power capacities are
mainly in the northern regions of Europe with total electricity generation of 12,079 TWh in 2050

= Solar PV generation is higher in the southern region, while wind power generation is higher in the
northern regions with better wind conditions throughout the year complementing different regions

= Qverall, solar PV (54%) and wind (39%) generate most of the electricity needed across Europe by 2050

31 100% RE Systems for Europe enabled by PtX Economy SEREND! source: Greens/EFA, Accelerating the European RE
Christian Breyer » christian.breyer@lut.fi @ChristianOnRE PV transition, Brussels, Sepember, 2022
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Regional Outlook - Electricity grids and utilisation in 2050
RES-2040 Scenario

Annual imported and exported electricity Grid profile (2050)
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Key insights:
= Transmission grids play a vital role in enabling a highly electrified and integrated energy system across
Europe in 2050 with 1308 TWh of electricity traded across the different regions

Northern, Central and Eastern regions emerge as net importers, while the Southern and Western regions
are net exporters in 2050 for the RES-2040 scenario

= Grid utilisation remains high with a range of 50-95% throughout the year and higher utilisation in the
winter months across Europe in 2050

100% RE Systems for Europe enabled by PtX Economy SEREND! ) source: Greens/EFA, Accelerating the European RE
Christian Breyer » christian.breyer@lut.fi @ChristianOnRE PV transition, Brussels, Sepember, 2022
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= Background

= 100% Renewable Energy Research
= Global: 100% Renewables

= Europe: 100% Renewables

= Finland: Highly Renewables

= Summary
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Energy flow Finland today

Energy supply based on bioenergy, oil, uranium, coal, gas, hydropower, wind power
= High losses due to thermal processes

= High demand by industry, transport, heat -
= Huge imports: oil, uranium, coal, gas 2020
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Electricity the basis for a sustainable energy system _,
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Electricity storage is surprisingly low A
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= Electricity storage grows substantially, based on

[ Fossil methane

= Hydrogen as final energy carrier is almost negligible 50

=
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ﬂ 100% RE Systems for Europe enabled by PtX Economy scenario: BPS_v9 optimisation
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System Dynamics: Storage, Heat, Grid
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. Operation in hourly resolution shows day-night battery dispatch & wind support
= Hydrogen storage as classical buffer storage for H,-to-X, mainly for synthesis

= Methane storage is used as seasonal storage

= Electrolysers use wind and PV electricity, and much of the latter

= Grid utilisation reflects wind and solar supply, high use in winter, PtX in summer

(more details on a following slide)

=  Heat pumps in full operation in the winter, supported by direct electric heating,

N

while direct operation seems favourable with TES rather in the summer
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Transport sector in energy transition

@
I 7o remrree— = T T
[ | -Av!at!on freight e-methanol = Electricity indirect e-methanol
—_ Aviation passenger . =, 60 - S . R
© 60 - | 1 N . 60 - e-ammeonia : Electricity indirect e-ammonia
P I Marine freight I ] = g e o
= B Marine passenger Liquid fuels (fossil) K Electricity indirect e-liquids (FT)
= o "eip h’:se ge Liquid fuels (FT) 2 N Electricity indirect e-methane
= 50| . N Rail =g naer 50 Liquid fuels (bio) c 50 Electricity indirect e-hydrogen
E R:a';)?rsesiemge I Methane £ Electricity direct - RE
£ . B Road asgsen er e-hydrogen 2
@ == noad passenger | I Fossil hydrogen 2 40
- 40+ e T 1 40 L e ®
Electricity direct c
3 ®
: O :
]
S 301 T D D e D N 30 @ 30
@ e
§' . . . 5
I 20 -
E 20 20 g
5 3
£10f 1 10 - > 10-
o g
=
. . I . 0 . . . . . . 2 i . . . . .
2020 2030 2040 2050 2020 2030 2040 2050 i 2020 2030 2040 2050
Years Years Years

=  Final transport energy demand decreases from 64 TWh to 46 TWh due to efficiency gains from
electrification

=  The long-haul aviation and marine transportation switch to electricity-based fuels such as e-
kerosene, e-diesel, e-methanol and e-ammonia driving up the demand for electricity in the
transport sector from less than 1 TWh to over 60 TWh

=  Biofuels continue playing an important role as its absolute value stays constant but relative share
increases

= e-Hydrogen is used in road and aviation transportation, e.g., in fuel cell EVs, while the later has a
higher risk of substitution by battery EVs; might be adjusted to zero FCEV given latest trends

100% RE Systems for Europe enabled by PtX Economy

scenario: BPS_v9 optimisation
Christian Breyer » christian.breyer@lut.fi @ChristianOnRE - P



https://twitter.com/ChristianOnRE

Overall trends in energy system
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=  Final energy demand roughly stable, shift towards electricity, fuels decline,
heat stable

=  Primary energy supply is roughly stable, fossil fuels phase out, bioenergy
stable, renewable electricity dominates

= Energy system cost is roughly stable with a tendency to decline in 2040s

= Net emissions in 2035 are below 6.5 MtCO,, meeting the target of the
Finnish government, transport sector has to deliver
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100% RE Systems for Europe enabled by PtX Economy o, .
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Regional energy system trends by 2050

Supply of fuels and chemicals

Regional electricity generation Regional heat generation Regional heat storage annual generation
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Flow of hydrogen

= Maximum wind power is allowed in FI-SE and FI-CE according to the 4% o Ny
of area rule, thereof almost all potential is used in this wind forcing 2o turines

Total
I H2 to transport

scenario. Wind power is only forced in FI-SE and FI-CE. o ‘ =
I H2 to CH4 kS

= More wind power in FI-SE and FI-CE due to wind forcing, but solar PV H2 to s-methanol

H2 to e-ammonia

Stl" dominates I H2 to steel (H-DRI+EAF) 52 TWh 4 = ‘ -

= Relative shares of wind and solar PV electricity generation remain
almost same in the country

100% RE Systems for Europe enabled by PtX Economy Scenar_iO: BPS_v9 wind forcing
Christian Breyer » christian.breyer@lut.fi @ChristianOnRE (radar issues overcome)
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Role of Grids
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= Even more is generated in regions of demand; FI-CE turned to a self-sustaining region
= Lower overall transmission capacity: 17 GW vs 19 GW; less grid capacity is required in 2035 and onwards
Lower electricity trade between the regions: 58 TWh vs 64 TWh (-9.4%)

FRR 100% RE Systems for Europe enabled by PtX Economy Scenar_iO: BPS_v9 wind forcing
Christian Breyer » christian.breyer@lut.fi @ChristianOnRE (radar issues overcome)
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Energy flow Finland in future: PtX Economy ,,

= Case: self-supply of energy needs in Finland (except uranium supply)
= Energy supply based on wind power, bioenergy, solar PV
= Bioenergy largely for heat
= Very high electrification (direct, indirect)
Finland - BPS = Very low role for electricity storage
e = Pulp & Paper industry strongly impacts the energy system structure
= Export cases pending to be studied
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Agenda

= Background

= 100% Renewable Energy Research
= Global: 100% Renewables

= Europe: 100% Renewables

= Finland: Highly Renewables

= Summary

100% RE Systems for Europe enabled by PtX Economy
Christian Breyer » christian.breyer@lut.fi @ChristianOnRE
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Summary

» Electrification is low-cost and highly efficient

» Solar PV develops beyond any historic experience of energy technologies

» Solar and wind power are central for comprehensive electrification (direct, indirect)
> Global: Solar PV may reach about 70% of primary energy supply
» Europe: Solar PV (about 54% of supply) and wind power (about 40%)
» Finland: Solar PV may contribute about 20-25% of primary energy supply

» Flexibility is key for a low-cost energy system: supply complementarity, grids,
demand response, curtailment, and storage

> Hydrogen hype blocks the view on the real solutions
> direct electrification
» H,-to-X for e-fuels and e-chemicals: e-ammonia, e-methanol, e-kerosene jet fuel

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

100% RE Systems - Global and European Perspective
Christian Breyer » christian.breyer@lut.fi @ChristianOnRE
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Thank you for your attention ...
... and to the team!

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

new publications also announced via Twitter: @ChristianOnRE &
-

Open your mind. LUT.

Lappeenranta University of Technology


http://www.scopus.com/authid/detail.uri?authorId=39761029000
https://twitter.com/ChristianOnRE

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 T797 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% RE Systems for Europe enabled by PtX Economy source: Khalili and Breyer, 2022. IEEE Access, 10, 125792-125834
Christian Breyer » christian.breyer@lut.fi @ChristianOnRE
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