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1:;;: “ 100‘000 TWh annual electricity production: 4 Major options

IMT NEUCHATEL Reminder
1GW Nuclear - 8 TWh/year (8000 hours)
1GW solar - 1-2 TWh/year (1000-2000 hours)
1GW wind - 2-4 TWh/year (2000-4000 hours)

Which can be combined ...

—-

e.g. 40°000 GW of Solar and 15°000 GW of
Wind (+ Hydro + Biomass +... )

4
0 13’000 x 1 GW nuclear power plants \'/ 7 ~*j;1‘:i;

/ " :
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e Carbon sequestration

o Don't care (or too late...) ‘
v

@ Revolutions: natural hydrogen / fusion

https://energy.economicti mes.indiati mes.com/news/renewable/india-on-path-to-triple-renewable-energy-
capacity-by-2030-but-faces-financing-hurdle-report/105584911



=FFL C0, Capture and Sequestration

Carbon capture and storage (CCS) - separation and capture of
CO, from the emissions of industrial processes prior to release into
the atmosphere and storage of the CO, in deep underground
geologic formations

= Enables industry to continue to operate while emitting less GHGs.
= |t can be applied across the energy system.

= Requirements for storage - safe, environmentally sustainable (no
release) and cost-effective.

= Target policy measures and support for innovation are critical for
CCS.

https://www.iea.org/reports/ccus-in-clean-energy-transitions/a-
new-era-for-ccus
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=Pt C0, Capture and Sequestration - Methods

Geologic storage: placement of CO, into subsurface formation.
Types:

= Saline formations o

= Oil and natural gas reservoirs i

= Unmineable coal seams
= Organic-rich shales

= Basalt formations

Underground Sources of Drinking Water

I~ I—

Saline Formation

B ENERGY SUPPLY, ECONOMICS AND TRANSITION
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=pFL  Cost of Direct Carbon Sequestration

Figure 3: Reference location costs and carbon values in scenario modelling
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IEA 2DS 2020 carbon price
Jacobs (TCI) starting price
-=--UK short term value - 2020

—|EA 2DS 2040 carbon price
=K long term value - 2050 (low scenario)
——France 2030 carbon tax

Jacobs (TCI) 2050 price

Notes and sources: IEA World Energy Outlook 2016'%; Jacobs for The Climate Institute (2016)"7, carbon prices were modelled for the Australian electricity

= First large scale
installation will have
large investement
costs: ~ 100 $/tons
CO, for coal and gas
power plant (Coal PC
+ NGCCQC)

= Later projects could
come down to 40 — 50
$/tons CO, avoided

Christophe Ballif / Philippe Thalmann / Claudia Binder
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C0, Capture and Sequestration

Difficult to kick-start (without

Large-scale CO2 capture projects in power high CO2 taxes)
generation in the Sustainable Development

Scenario, 2000-2040

1250

1000

750

500

250

Several projects starting for
cement factories (chemical
reactions emits CO2)

If CO2 capture costs of
100€/tons - 5 cts/lkWh more
for gas electricity and 10
cts/kWh for coal power plants.
= indirect (loosing)
competitions with renewable +
storage, or nuclear

Operational @ Advanced development

A lot of talks and not much
& happening !

@ngb https://www.iea.org/reports/ccus-in-industry-and-

transformation

Early development @ Net Nero Emissions Scenario

[N}
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https://www.iea.org/reports/ccus-in-industry-and-transformation

Pathways
Alliance O\

Canada’s oil sands are on a path

to reach net-zero emissions from
operations.

We're On A Path To Reach

Net-Zero Emissions -

Pathways Alliance

Make oil
production less
dirty (around 20%
of emission from
extraction/processi
ng per future
emission when
burning)


https://pathwaysalliance.ca/

=rrL G0, Capture and Sequestration |

B ENERGY SUPPLY, cconomcs AND TRANSITION

Direct air capture (DAC) or direct CO, capture from the air (e.g. Climate
works, Global Thermostat....)

g climeworks

We remove CO, from the air, to

- Cost of ~ 100$/ton claimed possible (or even 50 in 2050**), RESRE b low 1.5° C
right now likely more 500-600%$/tons et

- needs at least 250 kWh electricity per tons of CO,

Direct CO, capture from the air = will be costly for several decades

- Possible business for sales of CO,,
- At 100%$/ton - cost of carbon in 1 m3of CH, (power to gas) > 0.27%/m3
(n.b. current price of gas)

**Techno-economic assessment of

Open question: should we however work on DAC? CO2 direct air capture plants, Fasihi
- Less costly to substitute fossil with renewables. et al. 2019
- Less costly in volume to make CSS from Coal/gas powerplants ?
- Or prepare the world for massive DAC when system is decarbonised ?
(likely yes to contain/reverse climate change)



https://www.sciencedirect.com/science/article/pii/S0959652619307772
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=PFL €0, Capture and Sequestration -
Land Use, Land-Use Change and Forestry (LULUCF)

Biological carbon sequestration

= Plants absorb CO, from the atmosphere and store some as
aboveground and belowground biomass.

= Soil and dead organic matter/litter can also store some CO,, e.g. In
Peatlands.

= |n US (since 1990) LULUCEF activities have resulted in more
removal CO, than emissions.

= |n countries when deforestation happens, the effect is opposite.

Christophe Ballif / Philippe Thalmann / Claudia Binder
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https://www.epa.gov/ghgemissions/sources-greenhouse-gas-emissions#carbon-dioxide



https://www.epa.gov/ghgemissions/sources-greenhouse-gas-emissions#carbon-dioxide
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C0, Capture and Sequestration -
Land Use, Land-Use Change and Forestry (LULUCF)

Enhance carbon pools to reduce emissions and increase potential to
sequester carbon from atmosphere.

Possible actions

= Change in Uses of Land:
* Increase carbon storage by using land differently.
« Maintain carbon storage by avoiding land degradation.

= Change in Land Management Practices:

* Improve management practices on existing land-use types
(plant after human-induced disturbances to accelerate
vegetation growth, reforestation).

[=Y
[y
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=FFL C0, Capture and Sequestration

Tree planting 'has mind-blowing
potential' to tackle climate crisis

= Worldwide planting programme

 Additional 0.9 billion ha (to the existing 4.4 billion ha) of forest could store
205 Gt of Carbon (= 3.65x205= 750 Gt of CO, = 17 years of emission at
current rate)

= Crop fields and urban areas are not considered.
= Reforestation could take 50-100 years to remove 750 Gt of CO,

= Advantages:
« Available for starting now.
» Cheap solution (?).
* Individuals could make impact by growing trees themselves.

Christophe Ballif / Philippe Thalmann / Claudia Binder
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“The global tree restoration potential”, Jean-Francois Bastin et al., Science 65 (Jul 2019), 76-79

https://www.theguardian.com/environment/2019/jul/04/planting-billions-trees-best-tackle-climate-crisis-scientists-canopy-emissions



https://www.theguardian.com/environment/2019/jul/04/planting-billions-trees-best-tackle-climate-crisis-scientists-canopy-emissions

=PFL GO, Capture and Sequestration :

Planting trees can support the world in mitigating climate change

= But potential likely overestimated (see discussion in
https://science.sciencemag.org/content/366/6463/317 )

= Planting trees is one aspect (nice communication) growing them is more difficult and
many challenging projects with dying trees. Risks of fire also increase with global
warming

= |t will only slow down planet warming, as it takes years to act
= |t can be a quite low cost approach (20 to 40%/tonnes). Can easily be scale up

—

Other approaches include (e.g.)

= Creation of Bio-char or Charcoal (by slow pyrolisis) and
integration to ground

= e.g. with bamboos (fast growth)

. L 0 :
Potential in x Gt per year (up to 12% according to some Woolf. Dominic et al "Sustainable biochar o

scientists) mitigate global climate change". Nature
Communications. 1 (5): (2010) 1-9.

B ENERGY SUPPLY, ECONOMICS AND TRANSITION


https://science.sciencemag.org/content/366/6463/317
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=PFL - Energy efficiency and Embedded Energy

= Better insulated and designed house (can save up to 2/3 of energy)

= Better control of hidden consumptions (pumps, ventilation, potential for
> 30% saving in CH, close to 12 TWh per year)

= Energy saving bulb, appliances (90% to 30% saving),

Christophe Ballif / Philippe Thalmann / Claudia Binder

= Use electricity instead of fuels to power engines (gain a factor 3*)
= Use electricity and heat pumps to extract heat (gain a factor 3* to 5)

= Build with materials that embeds CO,,(instead of
emitting) eg. Wood, and replant !

*But almost similar according to the BP method in terms of
primary energy Wood construction, up to 30 floors. .zl i
See work by M. Green, Architect B

B ENERGY SUPPLY, ECONOMICS AND TRANSITION




=Y
o

=PFL Bullding: trend to heating needs in Europe

A well designed

and insulated Heating consumption per m?

home e
could/should 8

reach 50 P10 e
kWh/m?2 !l ol

Christophe Ballif / Philippe Thalmann / Claudia Binder

Progress since 15.
2000 but not
fast enough 04

50 kWh/m?2 54

o

<
: ) : Z
Minergie basic %

https://www.odyssee-mure.eu/publications/efficiency-by-sector/households/heating-consumption-per-m2.html (updated Dec. 2023)



https://www.odyssee-mure.eu/publications/efficiency-by-sector/households/heating-consumption-per-m2.html
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Net zero energy bulldings

Home Energy Manager
The central nervous system
for the net zero energy home
helps homeowners optimize
energy consumption.

Smart Meter
A communication
gateway between
the Smart Grid
and the home.

Geothermal
Heat Pumps

Solar Photovotaic

3 kW to 4 KW solor array
on the roof to meet energy
requirements of the home.

Small Wind
Supplementary renewable
generation.

Energy Efficient Lighting
High efficiency CFL, LED and
OLED lighting.

Demand Response Appliances

Reduces HVAC and High efficiency Energy Star Appliances shed
water heating energy load from the grid and help consumers save
requirements by 30%. money during peak demand.

GE Heat Pump Energy Storage

Water Heater

Uses less than half the
energy of a conventional
electric water heater.

GE Water Filtration

home water usage.

Filters, conditions and monitors

Battery storage for backup
power and peak loads.

imagination at work

[y
o
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=Pl Wood as a future (and past) building material

B ENERGY SUPPLY, ECONOMICS AND TRANSITION

= Build with materials that embed
CO, (instead of emitting), e.g.
wood. AN
= For a building in Oslo = Brazilian 25000
wood comparable to German wood.
= Pay attention to both the travel o
distance and the transport model 15000
(sometimes disput methodology)
10000
5000

Mjgsa Tower in Brumunddal near Oslo, Norway

85.4 metres world’s tallest wooden building.

https://www.ashrae.gr/perch/resources/hellenicchapter-teeenergyinbuildings2012trachte.pdf

Energie grise : MJ/tonne

M bois sibérien

B bois brésilien

# bois allemand 1

M bois allemand 2

« Siberian wood - 10 000 km by road (truck)

+ Bresilian wood - 10 000 km by sea (90 %) and road (10 %)
» German wood - 500 km by road (truck)

+ German wood : 500km by frain

[=Y
=
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=P7L  Agriculture and Meat

Sources of GHG emissions:

= emissions of N,O.

 Application of Management practices on soils increase availability of nitrogen in
the soil (50% emissions) - synthetic and organic fertilizers.

« Growth of nitrogen-fixing crops.
 Drainage of organic soil.
* Irrigation practices

= Livestock (cattle) (~30% emissions) = production of CH, from digestive
processes, up to 12-15% of CO2 eq emissions worldwide

= Management manure from livestock - CH, and N,O emissions.
= CH, from rice cultivation (and N20)... 10% of global methane emission

= Smaller sources:
» CO, from liming and urea application.
« CH, and N,O from burning crop residues

Christophe Ballif / Philippe Thalmann / Claudia Binder
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https://www.epa.gov/ghgemissions/sources-greenhouse-gas-
emissions#agriculture



=P7L  Agriculture and Meat

Other management

__. ...
EN .;g;r}qutural
0,
% production
;E *e
o .
= .
2 .
Energy
64% .
. (Non-
agricultural)®

Soil fertilization

.
.
"

B ENERGY SUPPLY, ECONOMICS AND TRANSITION

LULUCEF: Land Use, Land-Use Change and Forestry

[y
©

Manure

Ruminant enteric
fermentation

Christophe Ballif / Philippe Thalmann / Claudia Binder

AGRICULTURAL
PRODUCTION

Ruminant wastes
on pastures

2009

https://skepticalscience.com/animal-agriculture-meat-global-warming.htm



https://skepticalscience.com/animal-agriculture-meat-global-warming.htm
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B ENERGY SUPPLY, ECONOMICS AND TRANSITION

Average greenhouse gas emissions per
kilogram of major food products worldwide

Beef (beef herd)

Dark Chocolate

Lamb & Mutton

Beef (dairy herd)

Coffee

Prawns (farmed)

Cheese

Fish (farmed)

Pig Meat

Poultry Meat

Eggs

Rice

12.31

9.87

99.48

Food product GHG emissions per kilogram worldwide |

Statista

Beware: a lot of variation in the data !

N
>4

Christophe Ballif / Philippe Thalmann / Claudia Binder


https://www.statista.com/statistics/1201677/greenhouse-gas-emissions-of-major-food-products/#:~:text=Food%20emissions%20vary%20greatly%20depending,les%20than%2010%20kg%20CO2eq.

=P7L  Agriculture and Meat

= Vegan diet = best way to reduce impact on GHG, global
acidification, eutrophication, land use and water use.

= Withoug meat and diary consumption, global farmland use could
be reduced by > 75%.

Christophe Ballif / Philippe Thalmann / Claudia Binder

More than 80% of farmland is used for livestock but it produces just 18%
of food calories and 37% of protein

Contribution of farmed animal products, %

Calories 18% ]
Protein 37 | ]
Land use 83 /|

Greenhouse gas emissions 58
Water pollution 57
Air pollution 56

B ENERGY SUPPLY, ECONOMICS AND TRANSITION

Freshwater withdrawals 33

https://www.thequardian.com/environment/2018/may/31/avoiding-meat-and-dairy-is-single-biggest-way-to-reduce-your-impact-on-earth



https://www.theguardian.com/environment/2018/may/31/avoiding-meat-and-dairy-is-single-biggest-way-to-reduce-your-impact-on-earth
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=P7L  Agriculture and Meat

Courses of action for reduction of emissions:

= Land and crop management = adjust methods for managing land
and growing crops.

= Livestock management - adjust feeding practices and other issues
to reduce CH, emissoins (and reduce livestock)

= Manure management:

—> control the decomposition of manure to reduce N,O and
CH, emissions.

—> Capture CH, from manure decomposition to produce
renewable energy.

Christophe Ballif / Philippe Thalmann / Claudia Binder

B ENERGY SUPPLY, ECONOMICS AND TRANSITION

https://www.epa.gov/ghgemissions/sources-greenhouse-gas-emissions#agriculture
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Quiz

What is the economic sector that contributes more to the GHG emissions?
a) Aviation

b) Electricity and heat production.

c) Agriculture, forestry and other land use.

Will planting trees mitigate strongly the CO, emissions in the atmosphere?
a) Yes.

b) No.

c) It could but it would take long and a huge effort ...

In agriculture, the CO, emission go from largest to lowest:
a) Beef, farmed fish and tofu.

b) Poultry, beef and nuts.

c) Beef, tofu and poultry.

N
=
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B ENERGY SUPPLY, ECONOMICS AND TRANSITION

Quiz

What is the economic sector that contributes more to the GHG emissions?
a) Avation

b) Electricity and heat production.

c) Agriculture, forestry and other land use.

Will planting trees strongly mitigate the CO, emissions in the atmosphere?
a) Yes.

b) No

c) It could but it would take long and a huge effort ...

In agriculture, the CO, emission go from largest to lowest:
a) Beef, farmed fish and tofu.

b) Poultry, beef and nuts.

c) Beef, tofu and poultry.

Christophe Ballif / Philippe Thalmann / Claudia Binder



=F7L  Renewable Energles

Consumption can be decreased, human can be more reasonable but Energy will still be
needed !

- Development of renewables:

Challenges:

1. Policy and regulatory uncertainty.

2. High investment risks in developing countries.
3. System integration of wind and solar.

4. (Lobbies and Trump and CO)

Christophe Ballif / Philippe Thalmann / Claudia Binder

Source of additional potential:

1. Solar PV.

2. Onshore/Offshore wind.

3. Hydropower, biomass, geothermal

B ENERGY SUPPLY, ECONOMICS AND TRANSITION

https://www.iea.org/reports/renewables-2019
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B ENERGY SUPPLY, ECONOMICS AND TRANSITION

Somes scenario for the future

To differentiate between models «what should be done», and scenarios «what will likely
happen»

Scenarios/models based on announed policies by country
Levels of details of analysis or simulation/optimisation very different
Of course strongly diverging numbers depending on the sources

Often cost perspectives and learning curves not integrated (e.g. for renewable and electricity
storage)

E.g. a simple tool to start

N s Note: in the last session we’ll have a guest who
‘\ ENERGYScope will present one scenario/model based for
Switzerland

https://www.energyscope.ch/fr/

En-ROADS (climateinteractive.orq)

Christophe Ballif / Philippe Thalmann / Claudia Binder
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https://en-roads.climateinteractive.org/scenario.html?v=24.3.0&p1=100&p7=85&p10=5&p16=-0.05&p30=-0.07&p39=250&p47=2.6&p50=2.3&p373=50&p375=29&p57=-10&p59=-100&p63=10.7&p65=100&p67=100

=PFL  World final energy demand by : one scenario, still
keeping a lot of fossile by DNV

FIGURE 1.29

I Use The Physical Energy Content Method (IEA reports).

kWh from wind, solar and hydro, and thermal kWh for nuclear and bioenergy

B ENERGY SUPPLY, ECONOMICS AND TRANSITION

World final energy demand by carrier

Units: EJ/yr

500 -

400

300
200

100

1990

2000

2010

2020

2030

2040

2050

Christophe Ballif / Philippe Thalmann / Claudia Binder

Electricity
Direct heat
E-fuels
Ammonia
Hydrogen 5o
Bioenergy
Natural gas  Direct use
Oil of fossil

Coal . A70
Other fuels: 47%

Historical data source: IEA WEB (2023)

Source: Energy Transition Outlook, DNV.com - When trust matters - DNV



https://www.dnv.com/

=PFL The same scenario for the power sector

B ENERGY SUPPLY, ECONOMICS AND TRANSITION

57000 TWh

FIGURE 2.4

World grid-connected electricity generation by power station type

Units: PWh/yr
70

60

50 -

40

30

20

10

1990 2000 2010 2020 2030 2040 2050
Historical data source: IEA (2023), GlobalData (2023)

Renewable Energies by 2050: 82%
Solar + Wind = 69%

Floating offshore wind 1.6%
Fixed offshore wind7.3% [ 30%
Onshore wind 21%

Solar PV 39%
Solar+storage
Hydropower

Bioenergy

Geothermal

Nuclear

Gas-fired

Qil-fired

Coal-fired

Source: Energy Transition Outlook, DNV.com - When trust matters - DNV
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w
(-]

=prL Renewable Energles - Potential (2050), 1.5°C scenario

Electricity generation (TWh) 2050 Electricity capacity (GW) I RENA 202 1 E
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Natural Gas (waste) Hydrogen
@ Nuclear Biogas

= https://www.irena.org/publications/2021/Jun/World-Energy-Transitions-Outlook



https://www.irena.org/publications/2021/Jun/World-Energy-Transitions-Outlook
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=PrFl FIGURE 2.3 Global total power generation and the installed capacity of power generation
sources in 1.5°C Scenario in 2018, 2030 and 2050
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Figure 2.5 > Total energy supply in the NZE (net zero emission) 32

PFL  The IEA scenarios

= 600 Other
Bl Other renewables
500 Wind
M Solar
400 W Hydro
Traditional use of biomass
Global Energy and .
Modern gaseous bioenergy
Climate MOdel . GI_Obal Energy and 300 ¢ Modern liquid bioenergy
5 i 59 Climate Model B Modern solid bioenergy
ocumen = .
g4d Documentation 200 Nuclear
Ed (windows.net) Natural gas
100 | Oil
M Coal
2000 2010 2020 2030 2040 2050
IEA. All rights reserved.
Net Zero by 2050 - A
Roadma Y Renewables and nuclear power displace most fossil fuel use in the NIE,
for the Global Energy and the share of fossil fuels falls from 80% in 2020 to just over 20% in 2050
Sector ) )
(windows.net) The 2021 NZE scenario of IEA also relies on new renewable.

But it also bets on carbon sequestration to compensate for
fossiles emissions, and a significant amount of bioenergy.

Note on IEA data: kWh of wind, hydro solar counted directly (not muliplied by 2.5 as in BP reports).
The thermal kWh for all thermal source counted as such (including for nuclear x3 ). The NZE 2021 would
mean around 30’000 TWh solar, 27°000 TWh wind by 2050, Nuclear ~ 4300 TWh (from 2700 today)


https://iea.blob.core.windows.net/assets/2db1f4ab-85c0-4dd0-9a57-32e542556a49/GlobalEnergyandClimateModelDocumentation2022.pdf
https://iea.blob.core.windows.net/assets/deebef5d-0c34-4539-9d0c-10b13d840027/NetZeroby2050-ARoadmapfortheGlobalEnergySector_CORR.pdf

=PFL  The IEA scenarios

Figure 2.5 = Total energy supply in the NZE

Other
Wind

m Solar
M Hydro

Nuclear

mOil
H Coal

2000 2010 2020 2030 2040 2050

2021 scenario

M Other renewables

Traditional use of biomass
Modern gaseous bioenergy
" Modern liquid bioenergy
m Modern solid bioenergy

™ Natural gas

IEA. All rights reserved.

The 2023 Net zero scenario of IEA sees much less carbon

squesestration and much more solar, and more nuclear.

almost 30% increase in PV compared to 2021 scenario = around

39°000 TWh PV, 25000 TWh wind,

nnnnnnnnnnn

(net zero emission)

2023 scenario: changes
compared to to today

m Other
TUOB
[ Other renewables
m Solar
Wind
B Modern bioenergy
M Hydro
Nuclear
M Fossil fuel non-energy use
", Natural gas: with CCUS
. Qil: with CCUsS
r. Coal: with CCUS
= Unabated natural gas
B Unabated oil
B Unabated coal
® Total energy supply

Net Zero Roadmap: A
Global Pathway to Keep
the 1.5 °C Goal in Reach -
2023 Update (windows.net)
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https://iea.blob.core.windows.net/assets/9a698da4-4002-4e53-8ef3-631d8971bf84/NetZeroRoadmap_AGlobalPathwaytoKeepthe1.5CGoalinReach-2023Update.pdf

TWh

70 000

60 000

50 000

40 000

30 000

20 000

10 000

1990

World Electricity Generation 1990 - 2050

A possible outcome

with the announced pledged scenario.

Still a part missing.

6?% I

}20% 8%

2010 2023
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/
2030 APS
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/
2035 APS

B .\

23%
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/

2040 APS
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/

2050 APS

APS= Announced Pledges Scenario

@ rossil fuels with CCUS
@ oi
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Source:
IEA, World Energy Outlook 2024

Courtesy ANF
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A cautious note:

all IEA, IPCC prosposed scenario are slow and even
IRENA scenario are not ambitious enough for
decarbonisation. But they improve over the years....

A major points in those scenarios

- systemic overevaluation of the costs of new renewables (e.g. IPCC
with PV powerplants at 1€/\W in 2050 leading to low amount of solar)
- overestimation of the costs required for changes.

“They explained that the economic potential of
solar and renewables keep being largely
underestimated while energy transformation and
mitigation costs, by contrast, are being
overestimated”

WWW.pV-magazine.com/2021/03/31/solar-still-largely-underestimated/ and e.g. the cited
reference in Joule: Solar photovoltaics is ready to power a sustainable future

w
o
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http://www.pv-magazine.com/2021/03/31/solar-still-largely-underestimated/
https://www.cell.com/joule/fulltext/S2542-4351(21)00100-8?_returnURL=https%3A%2F%2Flinkinghub.elsevier.com%2Fretrieve%2Fpii%2FS2542435121001008%3Fshowall%3Dtrue
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Flexible electricity generation, grid exchange and storage
for the transition to a 100% renewable energy systemin
Europe

ABSTRACT

Two transition pathways towards a 100% renewable energy (RE) power sector by 2050 are simulated for
Europe using the LUT Energy System Transition model. The first is a Regions scenario, whereby regions
are modelled independently, and the second is an Area scenario, which has transmission in-
terconnections between regions. Modelling is performed in hourly resolution for 5-year time intervals,
from 2015 to 2050, and considers current\ capacities and ages of power plants, as well as projected in-
creases in future electricity demands. Results of the optimisation suggest that the levelised cost of
electricity could fall from the current 69 €/MWh to 56 €/ MWh in the Regions scenario and 51 €/ MWh in
the Area scenario through the adoption of low cost, flexible RE generation and energy storage. Further
savings can result from increasing transmission interconnections by a factor of approximately four. This
suggests that there is merit in further development of a European Energy Union, one that provides clear
governance at a European level, but allows for development that is appropriate for regional contexts. This
is the essence of a SuperSmart approach. A 100% RE energy system for Europe is economically
competitive, technologically feasible, and consistent with targets of the Paris Agreement.

© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

Michael Child, C. Breyer, et al. Renewable Energy 139 (2019) 80-101

w
=

Christophe Ballif / Philippe Thalmann / Claudia Binder



=PrL

B ENERGY SUPPLY, ECONOMICS AND TRANSITION

Modelling at all country level the Power Sector for full
transition

Considerations:

= Hourly rate electricity generation and demand in (partially)
decarbonized scenario.

= New interconnection lines (Including HVDC).

= Consider Region and Area solutions (more interconnected)

= Biomethane and synthetic methane replace fuels when required
= Increase role of batteries for energy balancing by 2025.

= Learning curve for cost of PV, wind and batteries

See paper : Low-cost renewable electricity as the key
driver of the global energy transition towards
sustainability — ScienceDirect

w
€3
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https://www.sciencedirect.com/science/article/pii/S0360544221007167

ePFL  Ashortlook at Europe: a first partial decarbonisation

In a area connected scenario for clean power sector (with only moderate electrificiation) **

6000
_ B hydro WOr—T— 71 7 17 17 17 T |
S wind B Battery
E 5000 I Battery prosume
c PV 800 | [MIPHES il
S " biomass/waste — B A-CAES
© 4000 B other £ B TES
8 . E Bl Gas
o I fossil gas E. 00|
> 3000 I fossil oil 2
S I fossil coal 3
% 2000 - nuclear % 400
§ 7
£ 1000 Michael Child, C. Breyer, et 200
al. Renewable Energy 139
5 (2019) 80-101
2020 2030 2040 2050 0 2020 2030 2040 2050
years o -
In Europe: good complemtarity Battery storage and pumped hydro

between wind and sun on a monthly
base. System stable on an hourly
base thanks to storage

necessary to balance the grid on
hourly bases - Overall cheaper cost
per kWh (6-7 cts/kWh)

w

Prof. Christophe Ballif



=P7L  Grid Adaptation

T
1 Dt -
0

H LKMMMW il

50 100 150 200 250 300 350
Days of a year

Fig. 14. Grid utilisation profile for the Area scenario in 2050.

Michael Child, C. Breyer, et al.
Renewable Energy 139 (2019) 80-101



=PFL  Exemple of complementarity wind-solar

Wind vs. PV : a good complementarity winter-summer in Europe, CH, and germany

Electricity generation from wind and solar PV in Germany in 2024.
Chart by Fraunhofer ISE, 2024.

25'000

) 19687
20'000 18725
17'739
16490 17122
+ d 16'074
15'72% 15505 15'885 .
14'884 ,
15'000 14754 13'963

Energy (GWh)

10°000

5000

Month

@ Wind offshore Wind onshore Solar

B MICR

https://lwww.energy-charts.info/charts/energy/chart.ntm?l=en&c=DE&month=-
1&stacking=stacked_grouped&year=2024&legendltems=0000000000000001110&source=public
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https://www.cleanenergywire.org/experts/fraunhofer-ise

=F7L A complete world scenario with 134'000 TWh electricity
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Low-cost renewable electricity as the key driver of the global energy

transition towards sustainability - ScienceDirect

https://doi.org/10.1016/j.energy.2021.120467

Bodganov, Breyer et al.
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Because of its low LCOE,
PV tends to grow in share in such scenario with
63’000 GW (needs more than 2 TW per year)
which reserves spaces for Power-to-gas
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https://www.sciencedirect.com/science/article/pii/S0360544221007167

Year

Overestimated costs of solar by IEA reports.

':Pl:L n Hpm o 4
=PFL  General Literature to the Feasability of 100% 5
Several studies show the feasability. They answer to those who say it is not possible. g
Response to ‘Burden of proof: A comprehensive review of the feasibility of 100% renewable-electricity g
systems’ T.W. Browna,et al. Renewable and Sustainable Energy Reviews 92 (2018) 834-847 =
30
_ Note: many scenarios underestimate the potential and — :E}ENASlolar (full range + projection)
© potential low cost of Wind, PV**, and batteries. 21 mm [EA colar
%) § 20 4 Lazard (historic US high resource)
= . . ~ LCOE projection (1 MW)
o For example: breyer et al. of Lappeenranta University of 5 Best of different world regions
g Technology, make aggressive but possible assumptions & \
5 (e.g. 0.3€/W for PV power plants). g ]
8 People enclined against renewable takes worst case 5 \
x (e.g 1.5€/W for PV power by Jancovici) o
5 2010 2015 2020 2025 2030
c



Renewable Energy 184 (2022) 430442

= . - - "
Contents lists available at ScienceDirect

Renewable Energy

Renewable Energy

Possible even
In US|

journal homepage: www.elsevier.com/locate/renene

Zero air pollution and zero carbon from all energy at low cost and ) (b ut nOte:aUthor
without blackouts in variable weather throughout the U.S. with 100% | % iS seen
wind-water-solar and storage ]

Mark Z. Jacobson’, Anna-Katharina von Krauland, Stephen ]. Coughlin, Frances C. Palmer, Controve rSIaI

Miles M. Smith 1

Department of Civil and Environmental Engineering, Stanford University, Stanford, CA, 94305-4020, USA CO n t rove rS I al)
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=PFL  How much does the energy transition costs ?

= |RENA (international renewable energy agency) gives high estimates: investments/costs up to
3.8 Trillions/year (typically 3-4% of world GDP) (2022).

= Strong improvement in components cots including battary costs will make the bill lower
(e.g. less grid adaptation). Renewables (and batteries) are always underestimated in the their
capacity to decrease their pricing.

* Important parts in buildings and grids, a small part in storage (even though trade-off not always
obvious), which might change with the lower cost of storage

Christophe Ballif / Philippe Thalmann / Claudia Binder

Fossil fuel subsidies topped $7 trillion last year

Direct costs are not small for a full transition but they are couwesiteswsses oo uso
@ Explicit subsidies M Implicit subsidies

more than bearable or even “cheap” if you consider: .

- No more fossile fuel import (CH 6-8 billions/years in CH 6
and continues after 30 years) and fossile fuel subsidies

4

- Reduced dependency on fluctuating price for consumers

- Improved health, more jobs 0

2015 2076 2007 2018 2019 2020 201 2022

Source: IMF staff calculations

- Reduced g lobal warmi ng:a h uge price o igures From 2019 omwerds use projections or fueluse Explict subsidies undorcherging fr supply casts
" accounting for

Implicit subsidies: undercharging for environmental costs and forgone consumption taxes, after g I F
preexisting fuel taxes and carbon pricing M

B ENERGY SUPPLY, ECONOMICS AND TRANSITION
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Mitigating CO, Emissions and Scenarios

But energy transition will require huge amount of solar
panels, batteries, windturbines, electric cars, electrolysers

And huge investiment in manufacturing plants

(e.g. > 120 billions to make the production lines
(equipements and building) to make 1000 GW of PV)

'S
-3

Christ
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=PFL  Impact of China ultra-fast developments

.®
IMT NEUCHATEL

= China has done it during COVID

Prof. Dr. Christophe Ballif

During the 3 years of COVID, chinese
companies have invested massively in $‘;';3:;z:.§:§;“dt‘.’,"g:.f;1':?c.ut

= Move follows surge in capacity, competition across industry

PV, batteries, electric cars and Wind. ’ "

(>> 100 billions $ invests) _
Overcapacity (factor 2.5 to 3 for 2024)

- Ultra-harsh competition
= In PV close to 1400 GW of production

capacity are online (500 GW PERC, 800
GW topcon, 100 GW SHJ and IBC.

« PVatlOcts

- Battery cell at 50$/kWh

* Windturbine at 40
cts/W

= For batteries, soon capacity for 4800 GWh « Inverters at 3cts/W

or 100 millions car per year equivalent - Electrolysers systems
at 30 cts/W







=PFL  China’srole

= China will « fight » against Oil and gas producer and try to export its
technologies (good for mankind !), including electric cars. It is a new
(and welcome for the climate) geopolitical situation

* But China ultra-dominance - risk to
destroy remaining industry elsewhere ~ ellee
-> Inflation reduction act (IRA) in USA,

NZIA in Europe (too slow) ..., trade Praveralassa: A Piag fap

barrier, CO2 border tax Survival: ESMC Urges Swift
» Security challenges linked to most Emergency Measures to
grid-connected power electronics support European PV

manufacturing

January 17, 2024

controlled from china
* Resilience and EU production ?

b PR N o

'S
©
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Toward Energy Transition

Some first steps
Of course a lot in the power sector !
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=PrL Gross electricity production in Germany 1990 - 2024, by source.

- Data: AGEB 2024.

Germany
Increased
share of
nrew

renewable

s in Q /\

Electricity

Hard coal

Others

Electricity generation in terawatt hours (TWh)

Renewables

Christophe Ballif / Philippe Thalmann / Claudia Binder
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Germany's energy consumplion ana power mix in chans | Clean enerqy Wire



https://www.cleanenergywire.org/factsheets/germanys-energy-consumption-and-power-mix-charts
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Renewable share in Europe Electricity mix

Solar overtakes coal generation in the EU for the first time in 2024

Electricity generation (TWh)

Share of generation (%)

800 100
80
. 60
\ Five years of
100 ya Gas decline
v vV
Solar 40
Coal
Bioenergy
20
Other
renewables
O [ T T 1 O
20M1 2015 2020 2024 20M 2015
Source: Yearly electricity data, Ember
Other' includes bioenergy, c_ er fossil and other renewables

Coal
10%

Gas
16%

Solar
1%

Wind
17%

2024

EMB=R

2020

Prof. Christophe Ballif

2024: 28% from wind
(17%) and solar (11%)
in Europe up from
23% in 2022, and
1.5% in 2000.

Wind surpasses gas
for the first time in
2023

Renewables >
fossiles for electricity



=pr= China’s wind and solar growth continues to break records in 2024 )
Cumulative new capacity per year, GW

IEM NEUCHATE Solar Wind

2023

2024

2022

Jan Apr Jul Oct Jan Apr Jul Oct

Source: National Energy Administration carhonBrief

B MICRO 565 — Lecture 1: General introduction to PV (Part I)



=PFL China increasing share of renewables but coal still
growing

Coal fell to a record-low 53% share of China’s electricity in May 2024

Share of electricity generation, %

[l Coal | Gas [ Hydro, nuclear and biomass Solar and wind

100%

l20‘|6 2017 2018 2019 2020 2021 2022 2023 2024

™ Source: China Electricity Council and National Bureau of Statistics cal‘honBrief

..............
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carboanef SCIENCE POLICY NATURE INFOCUS  DAILY BRIEFING

COAL EMISSIONS  NUCLEAR OILAND GAS RENEWABLES  TECHNOLOGY

A record surge of clean energy kept China’s carbon dioxide (CO2)
emissions below the previous year’s levels in the last 10 months of
2024.

analyst at the Centre for China's CO2 emissions have plateaued since February 2024 D
Emissions from fossil fuels and cement, MtCO2, rolling 12-month totals

This guest post is by:

Lauri Myllyvirta, lead

1 I 1 1 I 1 1 1 1
2017 2018 2019 2020 2021 2022 2023 2024 2025

B ENERGY SUPPLY, ECONOMICS AND TRANSITION

Source: National Bureau of Statistics, China Customs data, WIND Information and National Energy Administration BarhnnBriEf



Energy consumption by source, Denmark O e
=PFL gy ption by ‘

Measured in terms of primary energy* using the substitution method?®.

250 TWh
. - 200 TWh

Other renewables
Biofuels
Solar

150 TWh
Wind
Hydropower

100 TWh Gas

Electricity production by source, Denmark Coal
Measured in terawatt-hours’.
60 TWh
Qil

50 TWh

40 TWh

30 TWh Bioenergy
Solar From 300 to 200 TWh

20TWh Primary energy (substituion method)
Wind

10 TWh
H'yldropowev

Gas

1990 1998 560 5065 5016 5015 056, 3029, https://ourworldindata.org/energy/country/denmark

0TWh



https://ourworldindata.org/energy/country/denmark
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What was the 4th largest country installing in

T pvinstallation 2024

B Chapter 3. PV systems

‘The Solar Blitz’;: How crisis-ridden
Pakistan is leading the world on the ‘Solar
March’

Karl-Heinz Remmers examines Pakistan’s startling growth in solar energy use, which could
serve as an inspiration not only for developing countries but also for Germany and the EU.

‘The Solar Blitz’: How crisis-ridden Pakistan is leading the world on the ‘Solar March’ — pv

MARCH 4, 2025 PV MAGAZINE magazine International

"Anyone can get involved — the technoloqy forgives
many mistakes and is largely “plug and play’. The

In 2024, Pakistan will Pakistanis are also used to bridging their grid problems
have installed as with diesel generators or batteries of all kinds, and now
much new both solar moaules and batteries are cheaper than ever
photovoltaic capacity and available in large quantities. Thanks to the good

as rich Germany? relations with China, there are no tariffs standing in the

Over 16 GW? way of taking advantage of the low prices in Pakistan.”

(3]
=
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https://www.pv-magazine.com/2025/03/04/the-solar-blitz-how-crisis-ridden-pakistan-is-leading-the-world-on-the-solar-march/

=PFL  The Swiss case

What it really takes to decarbonize? The example of Switzerland

ROGER NORDMANN

PREFACE DE JACQ!

wEAVRE

SWISSOLAR #:

Scenario for a partially decarbonised Switzerland:
Typically 50 GW (by 2050) PV, working in conjunction
with hydro + wind (~ 5-7TWh) + biomass (e.g. distance
heat, biogas)

» Efficiency (save 12 TWh electricity)
» Electric cars

e Heat-pumps

- 86-100% CO2 reduction

In book: worst case Keeps CO2 emissions for 9 TWh winter
(not enough solar), e.g. gas power plant

or use H2 (import or local), or produce/import wind
electricity.

Upsides: more hydro, delay dam emptying, more solar in
high altitude, more wind, keep biomass/biofuel......

Prof. Christophe Ballif



To be discussed in Final lecture

OBJECTIF D'UNE SUISSE NEUTRE POUR LE CLIMAT EN 2050

production d'hydrogéne sur le site

des centrales au fil de I'eau (7 PJ)

valorisation des déchets avec CCS (3.6 Mt CO,/a)

1.5 mio. de pompes a chaleur
(aujourd’hui 0.3 mio.)

expansion des réseaux de chaleur
dans les régions urbaines

trafic lourd par rail, avec
bioénergie et hydrogene

cimenteries et industrie
chimique avec CCS
(2.9 Mt CO,/a)

3.6 mio. de voitures
électriques a batterie

:stdckage national
(3 Mt CO,/a)

45 TWh d'hydroélectricité

(53% de la production) batiments bien isolés avec faible

demande de chaleur

34 TWh a parti\d'installations PV,
40% de la produlition (aujourd'hui 2 TWh)

Study

Of Swiss
Federal office
For Energy
26.11.2020

37 GW PV
(not much
wind)

For 9 millions
people

By 2050

(n.b. 50 GW in
Nordman
scenario)

Now 45 TWh
new renewable
in gov plan for
2045. To be
voted on in
June
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=PFL  Swiss final energy consumption up to 2023 +

@
©
Anteil 2023 der vier Sektoren in % 2 1 2 TWh 5
Parts en 2023 des quatre secteurs en % '-r.;i
5
B Ubrige erneuerbare Energien  :
200000 . Autres énergies renouvelables %‘
1T Fernwirme :
1 Chaleur a distance by
. Elektrizitat E
800000 Electricité g
- 2
2704 Gas S
: Gaz 2
Treibstoffe °
600000 —
| mise i oy cartras
i Industrie sD Erddlbrennstoffe
1 B inaustie DS Combustibles pétroliers
i Dienstleistungen
100000 Services Industrieabfalle
: SD: Statistische Differenz inklusive Landwirtschaft 30% Déchets industriels
DS: Différence statistique y compris I"agriculture
1 Kohle
1 Charbon
200000
14% Holz
Bois

1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 2010 2020

https://www.bfe.admin.ch/bfe/en/home/supply/statistics-and-geodata/energy-statistics/overall-energy-statistics.html



https://www.bfe.admin.ch/bfe/en/home/supply/statistics-and-geodata/energy-statistics/overall-energy-statistics.html

=PFL SW|ss Pv Market End 2024: 7.7 GW installed

~11 % of annual CH electricity Min > 1.7 GW
consumption of 2024 year
Currently support: 1698 For scenarios
On time payement ;
(0.3 chfw) with 50 GW
Right for self solar....
consumption

Invest tax deductible  Annual Swiss PV market in MW

Bonus for angles

Should be
pushed with new
electricity law
voted in 2024 !

1126

15 hydro projects
for more winter
electricity

2023 - 2045

0 1" 12 13 14 15 16 17 18 19 20 21 2 23 e2024 Tincldingrenewal

PV installation CH

Orders of magnitudes starts to be ok !
Source: Swissolar/internal data

Prof. Dr. Christophe Ballif



PERSPECTIVE WITH SOLAR AND WIND Photovoltaics at multi-terawatt

scale: Waiting is not an option

- Desalination (down to 0.5$/m3 desalinated) S| Scienc_:e 20%1:, 000 G
> H2 - direct NH3 for fertiliser and later energy vector cenarios wi

) ) ) PV by 2050
or direct industrial use of H2 y
-> Later direct carbon capture
PROGRAMME AMMONIAQUE VERT PN oW | Ammonisque | 1 MT . . .
AXE TARFAYA - BOUCRAA - LAAYOUNE See projects in Moroco, with

HORIZON 2027 Eau 60 Mm3 de dessalement

* OCP target of green
fertilser with amonia

* 10°000 km2 reserved for
green industry, in highly
sunny and windy climate

e R
USINE

ozt | oo § R S + Close to 100 companies
= expressed interests for e.g.
steel decarbonation

é ” Ammoniague vort 1 Mt §

63OCP Group: renewable ammonia production facility planned for southern Morocco — Ammonia Energy Association» cPFL = CSem



https://www.ammoniaenergy.org/articles/ocp-group-renewable-ammonia-production-facility-planned-for-southern-morocco/
https://www.science.org/doi/10.1126/science.adf6957
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B ENERGY SUPPLY, ECONOMICS AND TRANSITION

1.
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[ |
Quiz
In the current EU electricity mix, renewable energies generate more than fossil
fuels.
a) True.
b) False.
c) I'm not sure...

Christophe Ballif / Philippe Thalmann / Claudia Binder

From IRENA’s 2022 estimations, by 2050 these will be the main contributors to the:
electricity generation (in order from most to least).

a) Solar, wind and Nuclear.
b) Hydropower, wind and solar.
c) Wind, solar and hydropower.

By a fully decarbonized 2050, which one of the renewable technologies will grow
most?

a) Wind and solar
b) Geothermal
c) Nuclear
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B ENERGY SUPPLY, ECONOMICS AND TRANSITION

1.

[ |
Quiz
In the current EU electricity mix, renewable energies generate more than fossil
fuels.
a) True.
b) False.
c) I'm not sure...

Christophe Ballif / Philippe Thalmann / Claudia Binder

From IRENA’s 2022 estimations, by 2050 these will be the main contributors to the:
electricity generation (in order from most to least).

a) Solar, wind and Nuclear.
b) Hydropower, wind and solar.
c) Wind, solar and hydropower.

By a fully decarbonized 2050, which one of the renewable technologies will grow
most?

a) Wind and solar
b) Geothermal
c) Nuclear



TO SUMARIZE: MAJOR TECHNOLGICAL ROUTES FOR THE
ENERGY TRANSITION
i

Flexibility and intelligence

+ many small

Public transport  Heat pumps Solar, Hydro, Insulation, Tracking (but important)

or electric cars  (air, geothermal  Wind, Biomass efficiencey losses

+ water, CO2) (Nuclear) +H2 ...

batteries + ships and plane

66 EPFL | =Csem
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L Fighting global warming: «what should happen» globally

Develop massively wind and solar

Agriculture
Other sources: biomass, hydro, geothermal Sequestration through biomass and soils
Maintain (or develop) nuclear base to facilitate Less cattle emitting CO,
transition
Keep and optimise fossile fuel assets for flexibility
(but low capacity factor) Strategy
Capitalise on electrochemical storage (batteries) Local production (including of energy products)
and synergies with mobility Ressources (metals, lithium, ...)
Necessary amount of power-to-gas... (industry, Manpower: educate, prioritize and pay better

heat, peak power). Keep small ! Intelligence: control and flexibility of energy

Keep biofuels mostly for peaks, air and maritime systems
transport where difficult to replace

Energy efficiency Sufficiency
ivg;;ctz Louﬁé?rfglcal (transport, heat pumps) Rethink consumption (smaller room, no flight, less or
Track losses (ventilation pumps),... no red meat,...). Accept less in critical period (e.g.

lower heating T of buildings)

Reduce ciment and capture CO2 Long term: Sequestrate carbon (from the air)
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B ENERGY SUPPLY, ECONOMICS AND TRANSITION

L

Mitigating CO, Emissions and Scenarios: summary

= Energy transition could be made at World, European and Swiss level

= Primarily by switching to renewable energies in all forms, cheaper in
terms of LCOE, and keeping part of fossile fuel assets as reserve

= Costs saving on LCOE to adapt the system (grid, storage)

= Global investments acceptable, nothing if one considers external costs
of fossile (impact of global warm, health isssues and biodiversity...)

= Improve effort at efficiency, consumption reduction

= Carbon storage at best in reforestation and ground management, can
contribute to mitigate

= A greener agriculture, with less meat will also help

= Going fast is possible (see the German case) without damaging the
economics... borrow money to invest for tomorrow

But energy unless you stop the economy, transition will require huge
amount of solar panels, batteries, windturbines, electric cars, electrolysers

Christ

ophe Ballif / Philippe Thalmann / Claudia Binder
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