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1st	remark:	Do	not	use	ideology	when	
discussing	about	energy	

Whatever	your	motivation,	the	aim	
of	this	book	is	to	help	you	figure	out	
the	numbers	and	do	the	arithmetic	
so	that	you	can	evaluate	policies;	
and	to	lay	a	factual	foundation	so	
that	you	can	see	which	proposals	
add	up.	
David	McKay	Sustainable	energy	-		
without	the	hot	air	
	
Energy	mix	is	a	political	decision	but	
must	satisfy	the	needs	of	the	society	
and	not	be	driven	by	ideology	



2nd	remark:	Predictions	are	often	wrong	
•  An	essay	of	the	principle	of	the	

population	as	it	affects	the	future	
improvement	of	society	(Malthus,	
1798)	

•  The	limits	of	growth	(MIT-	Club	of	
Rome	1972)	

	

•  …did	not	take	into	account	
technological	improvements	and	
the	use	of	energy	(1l	diesel	=	
38MJ)	

•  1kg	bread	 		->	0.2l	diesel	
•  1kg	meat		 	->	0.35l	diesel	
•  1kg	tomato 	->	0.15-0.5	diesel	
	
V.	Smil	How	the	World	really	works	
2021	

Feeding	the	world	
	 	 	 	 	 	1950 	 	1919	

Population	(millions) 	 	2500 	 	7700
	 		

With	enough	food 	 	 	890 	 	 	7000	
Insufficient	food 	 	 	65%	 	 	9%	
	
Massive	use	of	fertilizers	(e.g.	NH3)!	



Topics	covered	in	the	school	
•  General	

–  What	is	energy	(S.	Furfari)	
–  Material	availability	(K.	Tae-Yoon)	
–  Human	impact	on	atmosphere	(M.	Kanakidou)	
–  Energy	perspective	(G.	Graditi)	

•  Specific	technologies	
–  Fossil	fuels	(J.	Craig)	
–  Electrochemical	conversion	(V.	Sofianos.	M.A.	Navarra)	
–  Bioenergy	(G.	Mendez	Sousa)	
–  Smart	cities,	energy	networks	(C.A.	Nucci,	M.	Cucuzzella)	
–  Fission	(S.	Leray,	R.	De	Salvo,	M.	Ripani,	V	Montoya,	A.	Mariani)	
–  Fusion	(A.	Spagnuolo,	D.	Batani)	
–  Solar	(S.	Guillerez,	A.	Bruno)	
–  Wind	(J.	Peinke)	



Why	we	discuss	about	energy?	

•  Three	challenges	
– Reduce	CO2	
emission		

– Reduce	energy	
poverty	

– Satisfy	energy	
demand	



Reduce	CO2	emissions	

started by C. David Keeling of the Scripps 
Institution of Oceanography in March of 1958 at a 
facility of the National Oceanic and Atmospheric 
Administration [Keeling, 1976]

We are currently out of this ‘safe’ zone (CO2, T) →.
CO2 >100 ppm higher than max CO2 the last 420 000 yrs.

Increasing rate of CO2 10 - 100 times higher



Reduce	CO2	emissions	
Annual premature mortality attributable to outdoor air pollution

Individuals per 100×100 km2 – Globally 3.3 million/year

Greece: 4,200/year
1/4 fossil energy production
1/4 agriculture
1/4 traffic, industry, biofuel
1/4 desert dust

Lelieveld et al., 2015



Reduce	CO2	emissions	

https://ourworldindata.org/emissions-by-sectorhttps://www.ipcc.ch



Reduce	CO2	emissions	

Source:	IPCC	2014	



Lifecycle emissions compared: IPCC 

Source:	Climate	Change	2014	Mitigation	of	Climate	Change,	Working	Group	III	Contribution	to	the	Fifth	
Assessment	Report	of	the	Intergovernmental	Panel	on	Climate	Change	(IPCC),	p.	71	-	Cambridge	University	Press	-	
©	Intergovernmental	Panel	on	Climate	Change	2014	



Reduce	energy	poverty	

Source:	Phys.	Today	2002	

http://www.physicstoday.org APRIL 2002    PHYSICS TODAY    39

technologies used to locate
oil and gas. The surprising
development of extended-
reach horizontal drilling
allows a single, relatively
small facility to extract
petroleum reserves from
kilometers away, often
avoiding the need for multi-
ple wells.

With virtually the en-
tire existing energy-related
infrastructure designed for
fossil fuels, it seems certain
that the world will continue
to rely heavily on hydrocar-
bon combustion for the fore-
seeable future. Because we
cannot ignore the long-term
impacts of continued hydro-
carbon combustion, how-
ever, we must develop alter-
native energy sources. A
major difficulty in finding
long-term energy solutions
is the prevalence of short-
term vision in both the cor-
porate and political sectors.
The scientific community
need not be similarly con-
strained. The remaining three articles in this issue look at
some of the most promising alternatives to fossil fuels.

In “New Designs for the Nuclear Renaissance” (page
54), Gail Marcus and Alan Levin give a brief history of the
age of nuclear energy. They take us from the first halting
steps to the power plants currently on the drawing boards.
Great strides have been made in improving safety, effi-
ciency, nonproliferation, and cost. Some of the newest
designs even allow for greatly reduced radioactive waste
streams and the production of hydrogen for fuel. There is
little doubt that nuclear energy can be a major component

of hydrocarbon-free energy production, if public and polit-
ical concerns can be adequately addressed.

Samuel Baldwin looks closely at “Renewable Energy:
Progress and Prospects” (page 62). He notes that, since the
1973–74 oil embargo, significant technical and market
advances for renewables have occurred. For example, the
cost of electricity from both solar photovoltaic and wind
systems has come down by an order of magnitude, and the
capacities of both those systems have increased. Inte-
grated bioenergy refineries, producing high-value chemi-
cals, fuel, and power, also offer great potential to offset oil
use and to generate jobs and income in rural areas.

“Hydrogen: The Fuel of the Future?” (page 69) by Joan
Ogden is perhaps the most forward-looking of our articles,
and offers one of the most promising long-term solutions
to energy-related environmental and supply problems.
Hydrogen can be burned efficiently, emitting only low lev-
els of nitrogen oxides. It can also be used in a fuel cell with
even greater efficiency and emit only water. Its widespread
use, however, still requires answers to a number of tech-
nical, economic, and infrastructure questions.

The global energy challenge is daunting. It has many
aspects: technical, environmental, economic, social, and
political. Each of those aspects has many parts, there are
numerous feedback loops within and between them, and
they look different when viewed nationally or interna-
tionally. Though daunting, the challenge can be met.
Future generations will appreciate our efforts.

STEPHEN G. BENKA
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Related Readings in PHYSICS TODAY

The Statistical Physics of Sedimentary Rock, by Po-zen Wong,
December 1988, page 24.

Fuel Cells: Energy Conversion for the Next Century, by Sivan
Kartha and Patrick Grimes, November 1994, page 54.

Industrial Ecology: Minimizing the Impact of Industrial Waste,
by Robert Frosch, November 1994, page 63.

Power Applications of High-Temperature Superconductors, by
Gloria Lubkin, March 1996, page 48.

Build the International Thermonuclear Experimental Reactor?
by Andrew Sessler, Thomas Stix; and Marshall Rosenbluth,
June 1996, page 21.

Special Issue: Radioactive Waste, with guest editor John
Ahearne, June 1997.

Technologies to Reduce Carbon Dioxide Emissions in the Next
Decade, by Arthur Rosenfeld, Tina Kaarsberg, and Joseph
Romm, November 2000, page 29.

Solid Acids Show Potential for Fuel Cell Electrolytes, July 2001,
page 22.

Magnetically Confined Fusion Breaks a Pressure Barrier, Sep-
tember 2001, page 18.

HUMAN DEVELOPMENT INDEX, a measure of basic
human well-being used by the United Nations,
reaches a plateau at about 4000 kilowatt hours of
annual electricity use per capita. Sixty nations were
analyzed, representing 90% of Earth’s population.
(Adapted from ref. 3.)
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Reduce	energy	poverty	



Satisfy	energy	demand	
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2030 limits the available opportunities in later years. At the same time, increasing production 
of  new  fuels,  such  as  advanced biofuels,  hydrogen  and  synthetic  fuels,  tends  to  push up 
energy use. As a result, the rate of decline in energy intensity between 2030 and 2050 slows 
to 2.7% per year. With continued economic and population growth, this means that total 
energy supply falls slightly between 2030 and 2040 but then remains broadly flat to 2050. 
Total energy supply in 2050 in the NZE is close to the level in 2010, despite a global population 
that is nearly 3 billion people higher and a global economy that is over three‐times larger. 

Figure 2.5 ⊳ Total energy supply in the NZE 

 
IEA. All rights reserved.

Renewables and nuclear power displace most fossil fuel use in the NZE,  
and the share of fossil fuels falls from 80% in 2020 to just over 20% in 2050 

The energy mix in 2050 in the NZE is much more diverse than today. In 2020, oil provided 
30% of total energy supply, while coal supplied 26% and natural gas 23%. In 2050, renewables 
provide two‐thirds of energy use, split between bioenergy, wind, solar, hydroelectricity and 
geothermal (Figure 2.6). There is also a large increase in energy supply from nuclear power, 
which nearly doubles between 2020 and 2050. 

There are  large reductions  in the use of fossil  fuels  in the NZE. As a share of total energy 
supply, they fall from 80% in 2020 to just over 20% in 2050. However, their use does not fall 
to zero in 2050: significant amounts are still used in producing non‐energy goods, in plants 
with  CCUS,  and  in  sectors  where  emissions  are  especially  hard  to  abate  such  as  heavy 
industry and long‐distance transport. All remaining emissions in 2050 are offset by negative 
emissions elsewhere  (Box 2.2). Coal use  falls  from 5 250 million  tonnes of  coal equivalent 
(Mtce) in 2020 to 2 500 Mtce in 2030 and to less than 600 Mtce in 2050 – an average annual 
decline of 7% each year from 2020 to 2050. Oil demand dropped below 90 million barrels 
per day (mb/d) in 2020 and demand does not return to its 2019 peak: it falls to 72 mb/d in 
2030 and 24 mb/d in 2050 – an annual average decline of more than 4% from 2020 to 2050. 
Natural gas use dropped to 3 900 billion cubic metres (bcm) in 2020, but exceeds its previous 
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…but	the	data	of	the	last	two	years	confirm	the	trend	of	the	past!	



Fossil	fuels	

•  Fossil	fuels	are	going	to	remain	around	for	long	time.	
•  Reduction	in	fossil	fuels	extraction	may	have	short	
term	impact	on	availability	of	other	materials	
–  80%	of	sulphur	is	a	waste	product	from	oil&gas	production	

•  Carbon	Capture	Use	and	Storage	will	be	necessary	to	
cope	with	CO2	emissions	

•  Energy	superbasins	
–  Abundant	oil	and	gas	resources	
–  Plentiful	clean	energy	
–  Hub	scale	CUS	



Fossil	fuels	



Bioenergy	

https://www.irena.org/Digital-Report/World-Energy-Transitions-Outlook-2022

• IRENA 1.5 = IRENA 1.5°C Scenario
• IPCC = IPCC 1.5°C Special Report
• IEA NZE = IEA Net Zero Emission Scenario
• BP 1.5 = BP 1.5°C Scenario (BP, oil and gas company)
• Shell Sky 1.5 = Shell Sky 1.5°C Scenario (Shell, oil and gas company)
• ETC = Energy Transitions Commission

Is the role of bioenergy in the 
energy transition being minimized 
in forecasts by some agencies?

Need to multiple by 4-6 x 
World total energy supply to keep under 1.5oC



Fission	

•  Energy	efficient	
– 1g	235U=8.2x107kJ		
– 1g	D-T=3.4x108kJ	

•  Uranium	resources	
– One	through	cycle	waste	a	lot	of	fuel	
– Need	advanced	technologies	
– Thorium?	

•  Waste	
– Minimize	waste	via	Pu	and	actinides	separation	



Radioactive waste – Spent fuel 

18 

Composition of spent nuclear fuel – HLW  
  
 
 

UOx 
pellets 
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22 July 2021Varenna 2021 - S. Leray 

Transmutation of Nuclear Waste

Radiotoxicity of UOX spent fuel relative to uranium ore, versus time (years)

XTwo options:
Small amount of minor actinides in many (fast) reactors
Large amount of minor actinides in dedicated systems

H.A. Abderrahim et al., 
NEA/NSC/R (2015) 2

34

Abderrahim et al. (2015) 



22 July 2021Varenna 2021 - S. Leray 

Agneta Rising, World Nuclear Association, March 
2018

- 56 reactors under construction, of which 16 in China, 6 in Russia, 7 in India
- 152 reactors planned, of which 43 in China, 25 in Russia, 14 in India 

Nuclear energy

18



Fission	2/2	

•  SMR	

19 July 2023Varenna 2023 - S. Leray 

The emergence of small / micro modular reactors

XDefinitions: SMR / AMR / MMR
- Small Modular Reactor (SMR): 

<500 MWe max, usually between 50 
and 200 MWe, generally based on 
GEN-III technology (PWR, BWR, 
sometimes HTR)

- Advanced Modular Reactor (AMR): 
SMR type but of GEN-IV type system 
(Molten salt, Na, Pb, Gas, 
SuperCritical Water) 

- Micro Modular Reactor (MMR) or 
Very Small Modular Reactor 
(vSMR) : Electro- and/or calogen
nuclear reactor of a range power 
from 1 to 20 MWe

X Scale effect => modularization plus off-
site fabrication

X Design simplifications allowed by a 
reduced power => limitation of the 
Emergency Planning Zones

X Series effect => Reduction of 
construction time & costs

X Opening towards new specific markets 
=> remote areas, non-electrical 
applications, electricity/heat 
cogeneration …

G. Rodriguez, GEN-IV 
International Forum, 
STRONG Korea Forum,  
May 26th, 2021

24



Fusion	
•  Even	more	energy	efficient	
•  Virtually	unlimited	fuel	
•  Intrinsic	safety	
•  Limited	waste	
•  Not	yet	mature	for	

commercial	use	but	
receiving	attention	of	
private	investors	

•  Recent	results	have	
achieved	breakeven	and	
consolidate	the	basis	for	
experiments	demonstrating	
substantial	fusion	gain	

Gain	=		
3.15MJ/2.05	MJ	=	1.54		



Solar	
•  Mature	technology	
•  Rapidly	developing	–	PV	cell	

efficiency	increasing	at	
0.35%/y	rate	

•  Consolidated	c-Si	technology	
(Si	extraction	and	purification	
main	source	of	C	emission	
30-40gCO2/kWe).	

•  Average	Sun	power	at	Rome	
200W/m2	

–  40W/m2	with	20%	efficiency	
–  80W/m2	with	40%	efficiency	
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Tandem cells

Focus on mainstream technologies

First real practical use of solar cell: 
satellite Vanguard 1 (1958) 
cell efficiency: 9%

620/07/2023Joint EPS-SIF International School on Energy 2023 _ Varenna

Historical and future trends in PV cell efficiency

Single-
junction Si

Tandem



Solar		
•  New	materials	(perovskite)	under	rapid	
development	



Wind	

•  Wind	is	a	cheap	source,	a	well	
established	technology	and	a	
topic	for	fundamental	turbulence	
studies.	

•  Wind	velocity	fluctuations	can	
produce	substantial	damage	and	
must	be	properly	taken	into	
account	in	the	design.	

•  Low	power	density	per	unit	of	
occupied	area	
–  Pave(W/m2)	=	500	x	π	(d/2)2	/(5d)2	
20%	=	3W/m2	

Copyright David JC MacKay 2009. This electronic copy is provided, free, for personal use only. See www.withouthotair.com.

B — Wind II 265

How densely could such windmills be packed? Too close and the up-
wind ones will cast wind-shadows on the downwind ones. Experts say
that windmills can’t be spaced closer than 5 times their diameter without
losing significant power. At this spacing, the power that windmills can

d

5d

Figure B.4. Wind farm layout.

generate per unit land area is

power per windmill (B.4)

land area per windmill
=

1
2 ρv3 π

8 d
2

(5d)2
(B.7)

=
π

200

1

2
ρv3 (B.8)

= 0.016× 140 W/m2 (B.9)

= 2.2 W/m2. (B.10)

This number is worth remembering: a wind farm with a wind speed of
6 m/s produces a power of 2 W per m2 of land area. Notice that our answer
does not depend on the diameter of the windmill. The ds cancelled because
bigger windmills have to be spaced further apart. Bigger windmills might

Power per unit area

wind farm 2 W/m2

(speed 6 m/s)

Table B.5. Facts worth remembering:
wind farms.

be a good idea in order to catch bigger windspeeds that exist higher up (the
taller a windmill is, the bigger the wind speed it encounters), or because
of economies of scale, but those are the only reasons for preferring big
windmills.

This calculation depended sensitively on our estimate of the wind-
speed. Is 6 m/s plausible as a long-term typical windspeed in windy parts
of Britain? Figures 4.1 and 4.2 showed windspeeds in Cambridge and
Cairngorm. Figure B.6 shows the mean winter and summer windspeeds
in eight more locations around Britain. I fear 6 m/s was an overestimate
of the typical speed in most of Britain! If we replace 6 m/s by Bedford’s

0 1 2 3 4 5 6 7 8 9
windspeed (m/s)

St Mawgan
Bedford
Paisley

Dunstaffnage
Leuchars

Kinloss
Kirkwall

Stornoway

summer winter Figure B.6. Average summer
windspeed (dark bar) and average
winter windspeed (light bar) in eight
locations around Britain. Speeds were
measured at the standard
weatherman’s height of 10 metres.
Averages are over the period
1971–2000.



Electrochemical	conversion	1/2	
•  Hydrogen	as	energy	vector	in	a	

decarbonized	economy.	
•  Mostly	obtained	by	steam	methane	

reforming:	energetically	favorable	with	
respect	to	electrolysis	but	producing	CO2.	

•  Cost	of	green	H2	50%	large	than	grey	H2.	
Requires	a	further	improvement	of	
electrolyzer	efficiency.	

•  Fuel	cells	produce	electricity	from	H2	and	
are	classified	according	to	their	operating	
temperature.	Efficiency	presently	<70%.	

•  High	cost	of	electrocatalyst	and	H2	
production	main	obstacles	to	FC	diffusion.	

The colour spectrum of hydrogen

6https://www.acciona.com.au/updates/stories/what-are-the-colours-of-hydrogen-and-what-do-they-mean/?_adin=02021864894

The colour spectrum of hydrogen

6https://www.acciona.com.au/updates/stories/what-are-the-colours-of-hydrogen-and-what-do-they-mean/?_adin=02021864894

The colour spectrum of hydrogen

6https://www.acciona.com.au/updates/stories/what-are-the-colours-of-hydrogen-and-what-do-they-mean/?_adin=02021864894



Electrochemical	conversion	2/2	

mariassunta.navarra@uniroma1.it

Song Li, Shi-Qi Zhang, Lu Shen, Qi Liu, Jia-Bin 
Ma, Wei Lv, Yan-Bing He,*

and Quan-Hong Yang,
Adv. Sci. 2020, 7, 1903088

The performance comparisons of 
liquid, polymer, inorganic and 

composite electrolytes 
in Lithium batteries

EPS-SIF
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Ca-based single cells: theoretical properties

CaMn2O4|Si Ca-ion battery (CIB) can disclose a

theoretical energy density of about 520 mWh g-1,

overcoming the benchmark LiCoO2|C LIB (360 Wh

kg-1) and approaching the theoretical figures of the

LiMn1.5Ni0.5O4|Si and LiFePO4|Li formulations.

Both Sulphur battery chemistries, i.e. Ca|S and

Li|S, have a comparable theoretical performance

(approximately 1800-2000 Wh kg-1) that is, in both

cases, exceeded by the Ca|O2 and Li|O2 ones (~2400

and ~3500 Wh kg-1, respectively).

Estimates of the theoretical energy densities for 
calcium-based batteries compared to lithium-based analogues

EPS-SIF
INTERNATIONAL SCHOOL ON ENERGY
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Ca	based	batteries	a	better	alternative	to	
Li	based	batteries?	



Smart	cities/Energy	networks	
EU and Renewable Energy Communities

IEMD

RED 2

Renewable Energy Community

Energy	communities	may	allow	a	better	management	of	the	distributed	production	
(consumer	->	prosumer).	Experience	still	preliminary.	



The war of the currents 



Storage'is'effec7ve'in'reducing'back@up'
energy'

Back-up energy as a fraction of the reduced annual load 
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F.Romanelli	EPJplus	2016	

For	comparison:	
40M	vehicles	40kWh	batteries	
1.6TWh	



Use'of'base@load'+'storage)

0)

10)

20)

30)

40)

50)

60)

70)

80)

90)

0%) 2%) 4%) 6%) 8%) 10%) 12%) 14%)

0)

2)

4)

6)

8)

10)

12)

14)

16)

18)

20)

0%) 2%) 4%) 6%) 8%) 10%) 12%) 14%)

Back-up energy (TWh) 

Storage  

Pbase-load crit (GW) 

Storage  666GWh 

fPV=60% 

Pbase-load=0 

3GW 
6GW 

15GW 

31TWh 31TWh 

F.Romanelli	EPJplus	2016	



Cost	of	generating	electricity	

Source:		
IEA/NEA,	Projected	Costs	of	Generating	Electricity,	2020	



The	energy	solutions	will	come	from	a	
mix	of	different	technologies	





Have	a	safe	trip	back	home!	


