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Key diagrams why there will be massive change [
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Key insights:
. . . . Four illustrative model pathways
massive continued cost decline for solar PV, wind, batte
’ ’ ’
electrolysers, CO, DAC e

massive pressure to eliminate all fossil fuels
massive direct and indirect electrification of all energy sectors and
non-energetic fossil fuel demand

DAC cumulative capacity [Gtgy,/a]
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Power-to-X — covering hydrocarbon demand
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PtX enables sustainable production of hydrocarbons

Inredients: electricity, water, air

w/o PtX Paris Agreement would be wishful thinking

Profitability from 2030 onwards
Flexible seasonal storage option

Global hydrocarbon downstream infrastracture usable

Most difficult sectors to decarbonise can be managed
with PtX (aviation, chemistry, agriculture, metals, etc.)

CO, direct air capture is part of PtX
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www.100-ee.de/

Nov 2016, COP-22, Marrakech:
48 countries (Climate Vulnerable Forum) decided for a
100% RE target

More Countries and States set 100% targets, e.g.:
Denmark, Sweden, California, Spain, Hawaii, ...

~ Some Countries are already around 100%, e.g.:

Norway, Costa Rica, Uruguay, Iceland, Tokelau, ...

Cities with 100% RE targets, e.g.:
Barcelona, Masdar City, Munich, Masheireb, Downtown,
Doha, Vancouver, San Francisco, Copenhagen, Sydney, ...

Companies with 100% RE targets, e.g.:
Google, Microsoft, Coca-Cola, IKEA, Wartsila, Walmart, ...


http://www.100-ee.de/
https://www.youtube.com/watch?v=BaWbOm45FAM

Major milestones on 100% RE research
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GLOBAL ENERGY SYSTEM
BASED ON 100% RENEWABLE ENERGY

Power, Heat, Transport and Desalination Sectors
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Greenpeace, 2010
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Henrik Lund®

Lund, 2007

Rencwable energy strategies for sustainable development

Sterner, 2009

Michael Stemer

Bogdanov et al. 2019

Bioenergy and renewable power methane in integrated
100% renewable energy systems

Limiting global warming by transforming energy systems
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Energy Policy

Providing all global energy with wind, water, and solar power, Part |
Technologies, energy resources, quantities and areas of infrastructure,
and materials

Radical transformation pathway towards
sustainable electricity via evolutionary steps
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CCs Carbon Capture and Starage


http://energywatchgroup.org/wp-content/uploads/EWG_LUT_100RE_All_Sectors_Global_Report_2019.pdf
https://www.nature.com/articles/s41467-019-08855-1
https://twitter.com/ChristianOnRE

Key rationale for electrification: Efficiency

Electricity Heat Transport

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

Losses

Electricity Propulsion

40 % efficiency 85 % efficiency 25 - 40 % efficiency*

Wind/solar energy Heat pumps Electric mobility

Losses

Losses

Electricity

3
(=}
=
[=]
£
(=}
-

100 % efficiency 340 % efficiency 80 % efficiency

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

100% Renewable Energy source: Brown et al., 2018., Renewable and Sustainable Energy Reviews, 92, 834-847
Christian Breyer » christian.breyer@lut.fi @ChristianOnRE



https://twitter.com/ChristianOnRE
https://www.sciencedirect.com/science/article/pii/S1364032118303307

Area demand:
* Wind: 4% max

100% RE for Power Sector

ARTICLE
Radical transformation pathway towards
sustainable electricity via evolutionary steps

Dmitrii Bogdanow 1, Michael Childia !
Ashish Gulagi’, Ayobami Soloman Oyewo', Larissa de Souza Noel Simas Barbosa® & Christian Breyer(© !

1, lavier Farfan’, Kristina Sadovskaia, Arman Aghahosseini

A tramsition towards. long-tenm sastainahility in global snergy systems basad an renswabls

Energy resources can mitigate several growing firssts to human society simulansously
greenhouse gas emissions, human-induced dimate deviations, and the exceeding of oritial
planetary baundaries. However, the aptimal struchure of future systems and potential
transtion pathways are s@ll open questions. This ressanh desoribes 2 global, 100%

renmaable slsctricity system, which can be achieved by 2050, and the siepe requiced

o enable 2 realistic fransiion that prevents sociel disruption. Modelling resalis show

#at 3 carhon neutml slscirigty system can be built in al regions of the warld inoan
ecanamikally feasitle manner. This radical tramsfosmation will require =teady but evolltionary
changes for faie next 35 years, and will lead to sustaineble and affordable powsr supgly

glabally

per region; 0.3%
of land area used
Solar PV rooftop
is zero impact
area; ground-
mounted is 0.14%
of total global
land area

Wind turbines
based system

Solar PV
based system

Hydro power
based system

Technology mix
based system
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power generation
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source: Breyer et al., 2018., Progress in Photovoltaics, 26, 505-523;
Bogdanov et al., 2019. Nature Communications, 10, 1077
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GLOBAL ENERGY SYSTEM
BASED ON 100% RENEWABLE ENERGY

Power, Heat. Transport and Desalination Sectors

3

% .
Africa 45 $aSt Asia

www.energywatchgroup.orq

The world is structured into 9 major regions, which are further divided to 145 sub-regions
Some sub-regions represent more than one country, others parts of a larger country

The sub-regions are interconnected by power lines within the same country

The results shown are for the Power, Heat, Transport, Desalination sectors

The energy transition scenario is carried out in full hourly resolution for all energy sectors
In total 106 different technologies are applied

YV V.V V V V

100% Renewable Energy ENERGYWATCHGROUP
Christian Breyer » christian.breyer@Ilut.fi %" @ChristianOnRE
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Total Primary Energy Demand Shares

2050

Solar PV

B Wind energy

m Hydropower
Geothermal

100% Biomass/Waste

M Fossil Coal

M Fossil Qil

M Fossil Gas
m Nuclear

m Others

Key insights:
TPED shifts from being dominated by coal, oil and gas in 2015 towards solar PV and wind energy by 2050
Renewable sources of energy contribute just 22% of TPED in 2015, while in 2050 they supply 100% of TPED
Solar PV drastically shifts from less than 1% in 2015 to around 69% of primary energy supply by 2050, as it
becomes the least cost energy supply source

100% Renewable Energy ENERGY GROUP
Christian Breyer » christian.breyer@lut.fi @ChristianOnRE K)\
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Energy System Cost
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Total annual system cost [b€]
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Key insights:

The total annual costs are in the range of 5100-7200 b€ through
the transition period and well distributed across the 3 major
sectors of Power, Heat and Transport

LCOE remains around 50-57 €/MWh and is increasingly
dominated by capital costs as fuel costs lose importance
through the transition period, which could mean increased self-
reliance by 2050

Costs are well spread across a range of technologies with
major investments for PV, wind, batteries, heat pumps and
synthetic fuel conversion up to 2050

The cumulative investment costs are about 67,200 b€

100% Renewable Energy

Christian Breyer » christian.breyer@lut.fi %% @ChristianOnRE
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Regional Variation in 2050

Regional electricity capacities
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Key insights:
Solar PV dominates most of regions around the world and particularly in the Sun Belt
Wind energy drives systems in the Northern and Southern hemispheres with excellent wind
conditions and lacking seasonal solar energy
Some regions are further complemented with hydropower to form a mixed system

100% Renewable Energy ENERGY GROUP
Christian Breyer » christian.breyer@lut.fi @ChristianOnRE
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Why we do not yet hear more about 100% RE

System price for PV utility [2018US$/W]
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Annual PV additions: historic data vs IEA WEO predictions
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Impact of weighted average cost of capital, capital expenditure,
and other parameters on future utility-scale PV levelised cost

of electricity

Eero Vartiainen®
Eduardo Roman Medina®

articles based on real PV cost

Heagel et al. 2019. Science, 364(6443), 836-838

| Gagtan Masson” | Christian Breyer®

| David Moser" |

Abstract

Solar photovoitaics (PV)is afeady the cheapest fom of electricity generation in many
countries and market segments. Market prices of PV modues and systems have
developed so fast that it is difficult to find refiable up to date public data on real
PV capital [CAPEX) and operational expenditures (OPEX) on which to base the
levelised cost of electricty (LCOE) cakulations. This paper projects the future
utilty-scale PV LCOE until 2050 in several European countries. |t uses the most
recent and best available public input data for the PV LCOE cakulations and future
projections. LCOEin 20191 ith 7% nominal wel

age cost of capitd WACC) ranges from 24 €/MWh in Malaga to 42 &/MWh in
Heldinki, This is remarkable since the average electricity day-ahead marbet price in
Fintand was 47 €/MWh and in Spain 57 &/MWh in 2018 This means that PV is
aleady cheaper than average spot market electrcity all over Europe. By 2030, PV
LCOE will ange from 14 €/MWh in Malaga to 24 €/MWh in Helsinkd with 7% nom-
inal WACC. This range will be 9 fo 15 &/MWh by 2050, making PV cleady the
cheapest form of electricity generation everywhere. Sensitvity analysis shows that
apart from location, WACC is the most imprtant input parameter in the calculation
of PV LCOE. Increasing nomind WACC from 2 to 10% wil double the LCOE.
Changes in PV CAPEX and OPEX, leaming rates, or market wolume growth scenarios
have a relatively smaller impact on future PY LCOE.

Vartiainen et al., 2019. PIP

Bogdanov et al., 2019. Nature Comms, 10, 1077

IPCC cost for PV

T I

Krey et al., 2019. Energy, 172, 1254-1267

Key insights:

-
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Terawatt-scale photovoltaics:
Transform global energy

Improving costs and scale reflect looming opportunities

5y Nancy M. Haegel, Harry Atwater Jr,, Teresa Bamnes, Christian Breyer, Anthony
Bureal, De W,

it, David Hochschild, i Kaimiba,
e Kurtz, Syl Let, Robert Margols, Kefi Matsubars, Ave Met:
Pl Bchter, Dovg Rose, Kellchiro Sabural, Rutger

‘Selib tmamn, Masa biro Shilano, Wim Sinke, RonSiaton, §.1. St nbery, Marks Topie,
William Tusas, Vazra Ueda, Jao van de Lagemast, Plerr¢ Verl aden, Malthias Vetter,
Eimily Warren, Mary Weener, Masafum Vamaguehi, Andeeas W. Kett

nitude in a40:yeur period (1, 2). Tww yeaurs

a3, we ohserved that if

imer

rease. The challenge i to develop low-cost
operaional s . complmonany
techmologies to acommodate the growing

socand figure, gray shaded arca), including,
in heating, trancporiation, desalination, and

olar energy has the potertil to play
4 contal role in h -
=1
. paciy cx.
” W a
e

rifts for | Grid integration

research in PV performance, re-
Tabilit mafactoring, and recyeing

rendy s or will so0n beeome coet-com petitive
with conventional dectricity neration
many partsof the world

In G o

DECREASING COSTS, INCREASING
ELECTRIFICATION

Gobal average PV module slling priees have
decreasee by more than two orders of mag-

e | managng

Geographic and technology diversity

¢ | gencesion porelc would ke helphl. Flex.

scienaemag g SCENCE

» practically ALL global scenarios dramatically fail in the right role of solar PV
» fast cost decline of the last 10 years is ignored by IEA, IPCC (based on

IAMs), and others
* climate change mitigation could be more powerful, if major institutions

would perform better
* massive and fundamental re-thinking on solar PV plus batteries is needed

100% Renewable Energy
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https://onlinelibrary.wiley.com/doi/full/10.1002/pip.3189
https://www.nature.com/articles/s41467-019-08855-1
https://www.sciencedirect.com/science/article/pii/S0360544218325039

Desertec Reloaded

Key insights:

-
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* power line based Desertec is most likely limited due to lack of relative cost benefits

* excellent solar and very good wind resources enable new opportunities in entire MENA
* Power-to-X for fuels, chemicals, material refining and NETs opens a new door

- sustainable fuels (Fischer-Tropsch) and chemicals (Methanol, Ammonia) are key
» negative CO, emissions (DACCS) may be a new business opportunity on the horizon

Cost of Synthetic Liquid Fuels
for cost year 2040

= 140
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Levelised cost of CO, Direct Air Capture (LCOD)
for PtCO, onsite, in 2050
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Role of Sector Coupling

Key insights:
* Power-to-X is the central element of a future energy system, since electricity is the
universal platform
« Electricity-based hydrogen emerges to the 2" relevant energy carrier (for fuels, chemicals)
* Flexibility in the energy system is key:
* Supply response (hydro reservoirs, bioenergy) for indirect balancing of solar and wind
« Grid interconnections, in particular for balancing wind energy
« Smart demand response: BEV (smart charging, V2G), heat pumps, electrolysers
« Storage (hours, days, weeks, seasons; electricity, heat, fuels)
 Cross-border integration may be less important than cross-sectoral cost reduction
- Efficient sector coupling substantially reduces curtailment
* Low-capex batteries and low-capex electrolysers are key for the energy transition
» No flexibility from CO, direct air capture units, H,-to-X synthesis and desalination

100% Renewable Energy
Christian Breyer » christian.breyer@lut.fi @ChristianOnRE
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Thank you for your attention ...
... and to the team!

TRUST IN RENEWABLE.

all publications at:
new publications also announced via Twitter: &
-
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100% RE articles in recent years
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Journal articles on 100% RE for regions

Breyer et al.
55 Lund/Mathiesen et al.
Greiner et al.

Jacobson et al.

135 mDLR
27

Brown et al.
B Bremen v. et al.
M Duic et al.
M Sorensen et al.
M Diesendorf et al.
HRLI
mDIW
Agert et al.
others

Key insights:

Research field exists since about 10 years

Most publications are in hourly resolution

More multisector publications

Europe (Fl, DK, DE) is hot spot of 100% RE research
Gaps are in regional coverage and sectoral coverage
(industry, NETs), temporal range (21st century)
Community starts to get impact on neighbouring
fields (e.g. IAMs, IPCC), but still ignored for major
reports (IEA, IRENA, most governments)
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