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Energy supply Chain

Own use: 216 Mtoe
Heat plants: 12 Mtoe
Other uses: 62 Mtoe

Own use: 9 Mtoe
» Other uses: 14 Mtoe
osses: 4 Mioe

Crude Oil:
4132 Mtoe
‘Own use: 73 Mtoe
Other uses: 32 Mtoe
Coal Transf.: 195 Mtoe
Heat plants: 100 Mtoe
Coal:
3186 Mtoe ‘ Losses: 2498 Mtoe
Petroleum:243 Mtoe Own use: 177 Mtoe
Distribution Losses:
Nuclear: 166 Mtoe
709 Mtoe
& waste: 76 Mtoe 1532 Mtoe
Hydro 265 Mtoe
Own use: 220 Mtoe
Heat plants: 87 Mtoe
J_Losses: 27 Mtoe Other 83 Mtoe
latural Gas:
2520 Mtoe
Own use: 11 Mtoe
" -~ Heat plants: 7 Mtoe
Biomass - [ Other uses: 52 Mtoe
& waste: Biomass & waste: 1029 Mtoe

1176 Mtoe

From IEA 2007

otherwise: https://www.iea.org/Sankey/

Confidential Property of Schneider Electric | Page 2

Why long-term planning?
Why power system?

Towards an “all electric world”?

Forthcoming technical issues and
externalities

Conclusion

Lifels ®n | Schneider
gElec tric



A tight equation towards sustainability

The energy dilemma is here to stay

Demography:

* Rise of energy systems in developing countries
«  Refurbishment of existing capabilities in developed countries
*  Urban population, from 50% today to in 2100, claims for high-density power grids

The Earth: An chemical system

«  Fossil (and fissil) fuels depletion:
—  Conventional peak oil around 2020
— Peak gas around 2030 (excluding shale gas)
— Around two centuries for coal or Uranium (GlIl)

«  Climate change:
—  Whole electrical generation provides 45% of CO2 emissions
—  Global efficiency of the whole electrical system is just 27% (
—  Despite a thermodynamic trend toward reversibility

The Earth: A fully open energy system

« Domestic energy is 10.000 times smaller than natural energy flows:
Solar direct, wind, geothermy, waves and swell...
*  Butvery and

for all fuels)

Confidential Property of Schneider Electric | Page 6

/ The facts

The need
X 2 s 2
L
s -
Energy demand CO, emissions to
By 2050 avoid dramatic climate
Electricity up 80% by 2035 changes by 2050
\ Source: IEA 2010 Source: IPCC 2007, figure (vs. 1990 level)

Energy scarcity, Dispersed o
Demography GHG emissions generation Reliability
. of supply
Resource access| | Climate change Vs. .
. Business models
Energy prices dense urban zone

Life Is On Schmleider

gE ectric



The “big picture” for changing

Overcome the inertia to walk to our future

Residential water heating...

Residential space heating and...

Cars

Trucks, buses, trucks trailers,...

Commercial heating and cooling...

Manufacturing equipement

Electric transmissions and...

Power stations

Building stock (residential and...

Pattern of transport links and...

Sources:

USD 16 trillion

World GDP Rents
embodied
in fossil
fuel
reserves

USD 6.7 trillion

0

50 100 150 200 250 300

OECD Green Growth Studies: Energy (2011); World Bank.
https://www.ipcc.ch/site/assets/uploads/sites/2/2019/05/SR15_SPM_version_report_LR.pdf

Confidential Property of Schneider Electric | Page 7

Global space and time duality:
» Geopolitics (space)
* Inertia (time) for:
» design and
* implementation
« Deadline for Carbon-free society:

« 1.5°C (Paris agreement)

Lifels®n | Schneider
0 Electric



\World energy balance 2018 (EJ) Energy system 2065 (EJ)

PRIMARY SUPPLY TRANSFORMATION
FINAL CONSUMPTION

12

=i
]
i
i 8

Bl lE B & 1

From IPCC 6th Assessment Report, Chapter 6, 2022

Why long-term planning?

Confidential Property of Schneider Electric | Page 8



Necessity to Urge of planning tool
The TIAM-FR optimization model

Technical linear optimization model,
demand-driven, achieving a
technico-economic optimum:

« for the reference energy system:
+ 3,000 technologies,
* 500 commodities;

* subject to a set of relevant
technical and environmental
constraints:

CO, emissions
. Nuczlear phase-out

« over a definite horizon, typically
long-term (50 years)

« 15 regional areas

- A
_ gMA % _A}g{ohuiskwh "

Vot o e o | — l‘.:ll'l'\i-rwrl pok 4-;-'-\
www.modelisation-prospective.org

apEmME ‘ Schneid @ EN
L™ cnneiaer — . .
<~ €DF @'Qﬂz @ Frieciri e LifelsOn | Schneider

ToTAaL | == = aE ectric




Modeling features

9 yearly periods 2013 2014. | 2018. | 2023. | 2028 | 2033- | 2038. | 2043. | 2048.
2017 | 2022 | 2027 | 2032 | 2037 | 2042 | 2047 | 2052
6 monthly periods + 1 : = ==
week each annual period | Y : Jan-Feb Mar-Apr May-Jun A Jul-Aug Sep-Oct Nov-Dec
% Y Week with low solar/wind production and , s \
restrictions on imports 4 N\
2 daily periods each Working day | Week-end
monthly/weekly period
_ _ -~ -
P ~ - -
X - S~
PR S~
_ - - o -
6 hourly periods each Night: Night: 6-7AM Morning: Afternoon: Peak:
daily period 8PM-1AM 1-6AM 7AM-1PM 1-7PM 7-8PM

= 84 time-slices per yearly period

R. Loulou, U. Remme, A. Kanudia, A. Lehtila, G. Goldstein: Documentation for TIMES model. Energy Technology Systems
Analysis Programme (ETSAP), 2005.

R. Loulou, G. Goldstein, A. Kanudia, A. Lehtila, U. Remme. Documentation for the TIMES model. Energy Technology
Systems Analysis Programme, 2016.

M. Gargiulo: Getting started with TIMES VEDA, Version 2.7, https://iea-etsap.org/index.php/documentation, 2009.

R. Loulou and M. Labriet, “ETSAP-TIAM: the TIMES integrated assessment model part i: Model structure,” Computational
Management Science, vol. 5, no. 1-2, pp. 7-40, 2008.

Confidential Property of Schneider Electric | Page 10

Total discount cost:

NPV = Z Z(l + a(r))’ref " ANNCOST (r, y)
TER yEY
Constraints:
« commaodity balance (in>out)

+ Peak Reserve factor, ajusted to:
* France 28%
* LaReunion 69%

- Emissions, potentials, phase out, etc.

Database:

«  Cost inventory on technologies
(standard)

«  Kinetic energy (specific for stability)

Optimization methods:

 Linear programming (adequacy only)

« Mixed Integer Linear Programming
otherwise

Life Is On Schmleider

gE ectric



Other renewables
1%

Heat 4% \

2000

Heat Other
3% \ renewables
0%

Bioenergy
11%

2017

Total final energy (2000-2017) and electricity generation mix

Why electricity?

Confidential Property of Schneider Electric | Page 11

Electricity generation

100% - . Other
Wind
Solar PV
80% - - Hydro
Nuclear
60% - il
Gas
20% - - Coal

2000 2017




Electromagnetism: from steady-state to transient regimes

heat tank T Couplings:
_— T * magnetic free currents |
w tr:r?;‘ter « Electric earth potential V

—_— = * heat tank Joule losses

The utility acts on:
generator||P,i, | EM field [Pmow/| end-use m - the mechanical power P,
* the excitation of the rotor |
etwork

Modeling issue:

V. Mazauric, "From thermostatistics to Maxwell's equations: A
variational approach of electromagnetism,” IEEE Transactions

=» Decouple control and power flow

V_ on Magnetics, vol. 40, pp. 945-948, 2004.
- X. Li, N. Maizi, and V. Mazauric, "A lattice-based
; st H H . representation of power systems dedicated to synchronism
Relevant pel’lmetel’ for energy assessment (l prInCIpIe) ) G(T'I'V’X) analysis," International Journal in Applied Electromagnetics
dG and Mechanics, vol. 59, pp. 1049-1056, 2019.

2"d principle of thermodynamics: P,——=0

dt .
Life Is On Schmlelder

Confidential Property of Schneider Electric | Page 12 g Electric



Electromagnetism: A natural trend towards reversibility

heat tank T
A

t Heat
transfer
Y
generator||P,, | EM fiel Pm,out> end-use
j (e

o

= dG
Weak reversibility : P, ——— = min <Pm - E) >0
. : dG
2"d principle of thermodynamics: P,———=0
dt _ .
Lifels On | Schneider

aEIectric
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Electromagnetism: A natural trend towards reversibility

heat tank T
A

t Heat
transfer
Y
generator||P,, | EM fiel Pm,out> end-use
j (e

% dG dG

o

Weak reversibility : P, — == min ( B, — - >0
' |
Energy conservation: P Ccil_(t; — min <P]oule N d(gp d"; QV)> >0
e Life Is On

Lenz law

Confidential Property of Schneider Electric | Page 14
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Electromagnetism: A natural trend towards reversibility

heat tank T Faraday's law is restored by
——ee. | assuming a reversible evolution:
. Heat « All the energy losses (conversion,
transfer distribution, end-use) are attainable

¢ Multi-scale framework with successful

— T =
issues (material law,..., CAD tools,...)
generator | Py, | EM field [Pmaw/| end-use Energy-based «constants of motion»:

° =»existence justified by time-uniformity:
+ Electromagnetic energy w/ coupling G
* Kinetic energy Ey,
<I>L_L =>» Conversely, provide insights for:
+ time-reconciliation, and
Power\éalrance Faraday’s law * space-analysis

A

A
! \ [ \
- . dE dG d(ol +
Ehefy Conservatom,, . -~ - 7 = min P + S0 20 > 0
Life Is ®n Schmleider

Confidential Property of Schneider Electric | Page 15 Lenz law / a Electric



Classical electrodynamics revisited

Axiomatic (1870)

Thermodynamics

.. 0
Sources d|v1+a’0=0
divD=p

Source fields curlH=j+—

ot
Electromagnetic curl E= _B Weak-reversibility
fields divB =0 Ot 1st principle
Behavior laws B(H),D(E),J(E) 2 principle
MeCh,amcaI f=q(E+vxB) 1st principle (virtual work)
coupling
Invariance Joule losses/Galilean
Lack  SpoiluGalitean  Highfrequency

7 hypotheses

5 hypotheses
(4 from energy)

Life Is On

Schyider



Power management
Before adequacy and support from primary/secondary/tertiary reserves

1stinsight: role of invariants 2nd |nS|ght role of synchronlsm 3" insight from phase transition
Prnech ] p? ' _ T
. \ *  Machines consist in X-Y magnets
. 7 : . '3'"9 XY berg
— & " i 3 RIS ‘\;,. A,
() Magneticenersy W Kineticenergy - Upper kinetic energy bou ndis '\Lf 5 L’/\»-* )
PJoule nrush production N
- \ o enforced by synchronism . -
, - Capture the critical behavior thanks *  Onaregularand infinite lattice:
i | . to a dedicated lattice model: » Ising spin interaction provides long-
«  Coherence of fully-correlated oscillator range order for D22
e ] 7 population: . No_Iong—range_order for D<3 for
1 Heisenberg spins
X .. . . .
, b; + d;6; = w; — Z k;;sin(6; — 6;) - X-Y model is the marginal
; ; - case for long range order inducing
. . o L Jj .
szg‘t:g? equation i ansient stabibilty «  Synchronism is ensured for tight synchronism
N 'P—q—ty Pl + By, dF enough binding (admittance matrix): > Synchronism is not unconditionally
— .t et — oule dt dt T -
fatal min—hour seconds TS 42(6) = IB" Py llos = (fi,r})aEX6|Pm,i — Pm,j N stable
i i i Y. Kuramoto, “Self-entrainment of a population of coupled non-linear
9 Leverage the hlgheSt klnetlc energy oscillators,” in International Symposium on Mathematical Problems
in Theoretical Physics, ser. Lecture Notes in Physics, H. Araki, Ed.
M. Drouineau, N. Maizi, and V. Mazauric, "Impacts of intermittent Springer Berlin Heidelberg, vol. 39, pp. 420-422, 1975. J. M. Kosterlitz, “The critical properties of the two-dimensional xy
sources on the quality of power supply: The key role of reliability F. Dérfler and F. Bullo, "Synchronization in complex networks of model,” Journal of Physics C: Solid State Physics, vol. 7, pp. 1046—
indicators," Applied Energy, vol. 116, pp. 333-343, 2014. phase oscillators: A survey”, Automatica 50 (2014), 1539-1564. 1060, 1974.

Lifels ®n | Schneider
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Power management
Swing equations

Reduced 2n order Kuramoto model:
éi + diéi = Wi — Zkijsin(ﬁi — 9])

]
Stability is discussed:
* From the Hamiltonian/potential from which is
derived the RHS of the swing equation

H = Z kij (1 — COS(Qi — 9])) —Z [OF 91’
<ij>  spin alignement ¢ external
: by G field
given by
+ within a linear development near the minimum
(Hookean potential, dashed lines)

The higher the locally power supplied w;:
« the weaker the stability;
* The more critical the support from the grid

Fatal generation issue (e.g., wind gust)
25 0i — 9 requires “real-time” adaption of k;;:

* to involve asset within stability issue
- “Grid forming” inverters

Life Is On SchnEeider
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Power management: Decoupling control and power flow
heat tank T

Synchronism:

* Voltage plan conditions Reactive Power and

«  Gibbs free-energy G induces electrodynamic resistant torque
*  « Rigidity » -induced synchronism:

= Decrease congestion rate 7\,(6)
= Improve grid connectivity Hsyn =
max(P; — P; _ .
> Decrease frequency (ij) ( ' J ) Life Is On SChrIIEIdeI’

Confidential Property of Schneider Electric | Page 19 g Electric



Power management: Decoupling control and power flow
heat tank T

A
W
transfer

— T

generator| Py / ;Em(m Prmou)| €Nd-USE

Transient stability:

Frequenc —
| q _ y Hyip, =
Kinetic energy E;,
Transient stability provides time-reconciliation:
= Extend « copper plate » for aggregation

= Favour huge moving mass
2 Increase the frequency Life Is On Schmleider

Confidential Property of Schneider Electric | Page 20 g Electric



Power management: Decoupling control and power flow

heat tank T
—_— T

t Heat
transfer
generator||P,i, | EM field [Pmow/| end-use m

Synchronism: V Transient stability:

*  Voltage plan conditions Reactive Power and *  Frequency

Kinetic energy E,;,

Transient stability provides time-reconciliation:
= Extend « copper plate » for aggregation

" 9 Favour huge moving mass

= Improve grid connectivity
2 Decrease frequency = Increase the frequency Life Is®On SCI&’EIEider
ectric

Confidential Property of Schneider Electric | Page 21 ACt|Ve pOWer ﬂOW eXChanged throughout the grld

Gibbs free-energy G induces electrodynamic resistant torque

*  « Rigidity » -induced synchronism:

=> Decrease congestion rate



Hydrogen
11%

Total final energy consumption by 2050

Towards an all electric world?

Confidential Property of Schneider Electric | Page 22
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5

Residential
]
HHE

o 5 B B &8 5 8 3 B B ¥

Commercial I I I

INTERMEDIATE ALL ELECTRIC INTERMEDIATE ALL ELECTRIC
mALLBIO o ALL ELECTRICITY - ALL BIO mALL COALS
ALl Gag W ALL HEAT o ALL ELECTRICITY »ALL GAS
B ALL QL PRODUCTS W ALL OTHER RNW m ALL HEAT B ALL OIL PRODUCTS

= ALL OTHER R

186 g
160
250
lap
20 200 Industry
Transport * 150
20
(= T .
an
50
n
L] o
INTERMEDIATE ALL ELECTRIC INTERMEDMATE ALL ELECTRIC
::ﬁ:t?.';”"“ F !L“:'.Lm SALLGAS 2lsOn | Schneider
Confidential Property of Schneider Electric | P: wALLGAS = ALL HY DROGEN W ALL HEAT W ALL OIL PRODUCTS & E ectric
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Power generation mix

Power supply requires massive investments in renewables supported by gas-based generation

2050, BAU

GW
50000

45000

40000

35000

30000

25000

20000
2050, INTERMDIATE

15000

10000
]

INTERMEDIATE ALL ELECTRIC

2013 2050
M Biomass B Coal B Hydro B Nuclear B Oil & Gas W Renewables B CCS

Installed capacity by 2050 Power generation by 2050

Life lsOn | Schneider
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Global/sectoral CO, emissions and related power mixes

4"
- -
e e PR
50 - =T ="
- - -
.40
8
g
)
230
El
£
&
20
8
2013 2020 2030 2040 2050 2013 2020 2030 2040 2050 2013 2020 2030 2090 2050
BAU INTERMEDIATE JALL ELECTRIC
w2 griculture = Commerclal w—Electrdty Industry Resldentlal
- T ransport - Upstream ‘=—Total COZEmkslon = +COZ Concentrtalon
CO, emissions per sector
Historical world power Electrification Scenario power Intermediate electrification
generation mix generation mix Historical workd power +Carbon neutrality by 2100
. . generation mix s.czn:mpawmzynzmmn 1% ccs
100% by 2050
90% 26*% Renewables
- by 2050
80% 55% Renewables
N by 2050
70% Nuclear
60%
50% 0il & Gas
40% 66% fossil fuels by
30% 2050
279% fossil fuels by
20% o5
10%
o PP ) P
JERICUIC I I G G I R S AU I G G g G
INTERMEDIATE Scenario NO climate constraint INTERMEDIATE Scenario with climate constraint

Confidential Property of Schneider Electric | Page 25
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g
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250 5

ntra
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100

3

Oectrifieation «Carbon

Al o] preves
Lt 11

6% (CS
by 2050

L 1% Renewabies
oy 050

il & Gas

B9 gl fuais by
2050

PP FLPILESI LI PSP E

ALL ELECTRIC Scenario with climate constraint
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Investments per sector & geographies

USA Western Europe
Africa
s09tn
Rest of the India
World Australia

0.1t

Investments in the power sector between 2020 & 2050 [$ tn]

Confidential Property of Schneider Electric | Page 26

Investments [tn $]

40,00

35,00

30,00

25,00

20,00

15,00

10,00

5,00

AFR |

= COMMERCIAL mELC SECTOR m INDUSTRY

RESIDENTIAL = TRANSPORT = UPSTREAM

Rest of the. NN |

O FO< D $x o F O 5 g x o F QO =)
S523CE£833232£83323¢E
k7] W
[} L5
o o
BAU INTERMEDIATE ALL ELECTRIC

Investments between 2020 & 2050 per sector [$ tn]

Life Is ®On Schl}mder

lectric



Additional investments per scenario

. L]
e -
o n
. s -
B0.0
by
B 74,6
T D aay ——
£
E 200
&5.0
&0.0
55,0
50,0
ETTRMLATE
BAL ALL FUEETRIC

ECOMMERCAL ®ELCSECTOR ®mINDUSTRY = RESIDENTIAL = TRANSPORT = UPSTREAM

Life lsOn | Schneider
LFPEI
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Lessons learnt from the
French case study

Shift in power exchanges

NNNNNNNNNNNNNNNN
40EnR 2030 60EnR 2050 80EnR 2050 100EnR 2050
‘With reliability constraint

Life Is ®n

Sclénelaider

Electric



Yearly generation under reliability constraint

70

60

50

40

Hkin (s)

20

10

G.-S. Sokhna, V. Krakowski,

—&-2010 —#-2030 -@-1040 =-2050

h

64700

production (%)

wlglnlginle v e
slglg(g 2228
alalalalalalala

‘Without reliability constraint

a N‘N‘N|N|N

‘With reliability constraint

mm Range of variation
Hkin (min-max)

E. Assoumou, N. Maizi,

Confidential Property of Schneider Electric | Page 29

)
=
=
a

——Hkin annual mean

2

o wn|le
8‘8‘8|3
alalalala

‘With reliability constraint

=
JHEEEEEE
N L2l

Without reliability constraint

and V. Mazauric,

w

e
3|8
ala

VRE's share in total installed capacity for power

628%
57200 55804
465% i
——k 44.7%
A5.0% 46.7% 46 8% 4520 L 45604
134%
9904 20206 2990 3% 2.9% 20704 8% 298%
40EnR 2050 [60EnR 2050 S0EnR 2050 100EnR ‘ 40EnR 2050 60EnR 2050 80EnR 2050 | 100EnR

2050 2050

Without v eliability constraint With reliability constraint

"Embedding power system’s reliability within a long-term Energy System Optimization Model: Linking high renewable
energy integration and future grid stability for France by 2050," Applied Energy, vol. 257, p. 114037, 2020.

Life Is On Schl1EE|der
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Installed capacity vs. cost decomposition

B Nuclear m Coal mOoil ONatural Gas  OlIndustrial Gas O Imports/Exports @ Annual investment costs B Fixed O&M costs O Variable O&M costs @ Annual flow costs
@ Hydro mBiomass mGeothermal ~ mOcean oWind 70
DO Solar O Interconnexions M Storage 60
300 ~x2 5
& 40
250 o
x1.4 2 30
] 2
200 Y 3 20 -
b &
2 290 |
& 150 o
0
100 10
0
BAU 2050 ‘ 40EnR 2050 ‘ 60ENR 2050 ‘ 80ENR 2050 ‘ 100ENR 2050 Ref BAU 2050 40EnR 2050 60ENR 2050 80ENR 2050 100ENR 2050
With reliability constraint With reliability constraint
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Regional mix under reliability constraints

100% REN generation

B
> ®

W Biomass
. Coal
W Exports
NN Geothermal
- Hydro
W Imports
Industrial Gas
W Natural Gas
. Nuclear
EEm Ocean
- Oil
Solar
s wind

ok N WA VO

1h-6h

£ 5 £ £ 5 £ &8 & £ &8 &§ £ & & &
Z 2 §&8 23 8 %3 8IS 8 23 8§
REE R EE R EE5E g R E g
] 2 b a g

Jan-Feb Mar-Apr May-lun Jul-Aug Sep-Oct

— 013 w—2050

1h-6h

o= N W a v o

7h-13h
1h-6h

19h-20h

Nov-Dec

BAU generation

/ .

P g .
. h
\\ |
\

¢ ¢

£ ham

ek

19h-20h

1h-6h

7h-13h
19h-20h

lan-Feb

1h-6h

E 555565558 5
5885 %845 ¢ %%
£ £ 5 £ £ =5 £ £ = £ £
£ & £ & £ £ &

Mar-Apr May-lun Jul-Aug Sep-Oct

w— 013 s— 050

1h-6h

7h-13h
19h-20h

Nov-Dec

R. Cluet, N. Maizi, V. Mazauric, space analysis of reliability-constrained scenarios with increasing shares of renewables for the French power sector in 2050, in proceedings of the
International Conference on Applied Energy (Vasteras, Sweden) paper 1091, Aug. 12-15 2019.

R. Cluet, N. Maizi, and V. Mazauric, "From centralized to decentralized power system: A space-analysis for France," International Journal of Applied Electromagnetics and Me

64, pp. 73-78, 2020.
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Transient stability vs. synchronism

French mix fiability and network stability for various TIMES
scenarios

g

§

= 1,5

Q

c

a 1

'L@’% 'LQ""Q '1960 '19"’0 ’L 'L@’% 19""0 1960 1,‘5”0 ovg 1‘5\'3 100’0 19"0
BAU 40EnR 60ENR 80EnR 100EnR
—Synchronism —Kinetic reserves

42

w

8
6
4
2

w w w

Kinetic reserves (s)

R. Cluet, N. Maizi, V. Mazauric, space analysis of Reliability-constrained scenarios with increasing shares of renewables for the french power sector in 2050, in proceedmgs of the

International Conference on Applied Energy (Vasteras, Sweden) paper 1091, Aug. 12-15 2019. |_|fe |S Dﬂ
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From “country” to “local” Renewable empowerment

Realistic for balancing active energy (adequacy) for all regions except IdF (25 to 46%)

Low autonomy for ancillary services:

» Except RAA, HJF and Normandy
» High contribution of Biomass, Hydro and geothermy
* Implementation of 4GW storage (current STEP capacity)

Overgeneration of

gt 30 i
Extra capacities Extra generation
40 25 60
35
20 50
30
25 g s 40
=
% 2 £ 30
10 =
15
20
10 °
5 10
0 i
0 - L c L c Lo c Lo Cc o o Cc L o CL£ £ c o 0
o N EAREORETIRESRENSERRESER NN
F & & & SrifziSTisEiSiisiifiis & & & &
& & <& ~ g N TR TRY =g =g =g & & N &
@ S @ P &
o Cweek Jan-Feb Mar-Apr May-Jun Jul-Aug  Sep-Oct Nov-Dec @

R. Cluet, N. Maizi, V. Mazauric, space analysis of Reliability-constrained scenarios with increasing shares of renewables for the french power sector in 2050, in proceedings| of the .
International Conference on Applied Energy (Vasteras, Sweden) paper 1091, Aug. 12-15 2019. |_|fe |S {Dn hn.e'der
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From « country » to « All Electric world »

Under climate constraint but w/o reliability

|

v

d
wouco oy

® BIOMASS “ “
® COALS LN WA S
u COALS+BIOMASS Ml
# HYDRO
# NUCLEAR
m OIL & GAS
» RENEWABLES

n CCS
u CH4 OPTION

LR [

Total final energy by 2050: Power generation mix per region
Final energy 549EJ
Power generation: 169 261 TWh

Life Is On Schnleider
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Auto-
consommation

Fournisseur

ENERGIE

Producteurs
o centralisés
T - »

Producteurs

décentralisés Consommateurs
Communautés

gy
RE 2
trading B,
Grandes
industries

FLEXIBILITE

Explicite
Fournisseur: Implicite (tarifaire)

Auto-
consommation

Forthcoming technical issues and externalities



From umbrella to cluster organization

Multi-scale issue

P : Preduction
R : Renouvelable

- Diskioutien DISTRICT

BATIMENT ‘ﬁﬁ\
\O_0O
AN

Lifels ®n | Schneider
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Naturally expressed within the second principle:

| min
d [ aw dEkin dG = d . . 3 ~1 2
Puec e - = f (B-H+D-E)d% + f o (curlH)2
c
Contribution adequacy stability coupling Joule losses
Flexibility variability dispatchability inertia synchronism
Sources & e Storage e Solar e Hydro (w/ dam)
Loads e Demand Side Management | ¢ Wind e Nuclear power plant
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Stability vs. Flexibility issues
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Energy-based «constants of motion»:

=» Existence justified by time-uniformity:
—  Electromagnetic energy w/ coupling
— Kinetic energy Ekin

<  Field-type energies dedicated to Stability

Dedicating flexibilities to adequacy is limited by:
=» IT energy footprint to manage:

«  Space complexity

+  Time agility
=» Stability issue (« real-time » never exists!)

X. Li, N. Maizi, and V. Mazauric, "A lattice-based representation of power systems
dedicated to synchronism analysis," International Journal in Applied Electromagnetics and
Mechanics, vol. 59, pp. 1049-1056, 2019.



ICT In energy systems

Control:

. Provide energy efficiency strategies in a context of tension
between demand and supply

+  Balance supply and demand in “real time” in a context of
decreasing inertia

. Manage highly diluted assets and versatile loads within a
general migration of the energy towards electricity

«  Signal quality under variability: Enforce synchronism (clock) to
provide the lowest dissipative grid

Forecast:
. Local weather to mitigate intermittency
. Predictive maintenance for highly dispersed energy assets

;} :
1

L' 1

)]
N "

Role:

. Increase the knowledge on the energy system by decreasing
its missing information; but

¢ Spoil the natural evolution of a system (2" principle)

*  Require a processor to gain information on the system...
And reject a larger amount of missing information elsewhere!

Issue:

¢ Is accurate information (local, real-time) sustainable from a
thermodynamic viewpoint?
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Energy and digitalization: Which comes first ?
Our today intent...

Digitalization of energy

Ke

» Energy service
» Digital service

Provide insights on the use of digitization: Address the limits of digitalization regarding:
* to improve Energy Efficiency (EE) * the actual and forthcoming levels of ICT
* to reduce CO, emissions * the energy system itself!

Lifelsn | Schneider
LE
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IT energy footprint

All purpose: digital society and commodities!

Studies rooted from quasi-unique reference:

* A. Andrae (Huawei, Sweden)
* quoted by Shift Project, Vilanni Report...
* Reduced perimeter: power regulation beyond the meter not included, no inclusion of embedded IT in transportation and

isolated plant...
Globally (20?7?):
* 3% of primary energy,
* 7% of electricity supply, remark: F. Bordage (greenlT): 5.5% (2019)

* 5% yearly growth (1.5% for electricity)
* 5% of CO2 emissions

Same level of:

< Air transportation
«  2/3 Marine bunkers

1. N. Jones, Nature 561, 163 (2018)
2. The Strategic Energy Technology Plan 2019, https://bit.ly/2WKJiHP
3. M. Avgerinou et al, Energies 10, 1470 (2017); H. Zhang et al., Renew. Sustain. Energy Rev. 58, 674 (2018)

Life Is On Schmleider
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Energy viewpoint

@ [.T.
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Szillard’s engine (1928)

L. Szllard: Uber die entropyverminderung in  einem
tehermodynamischen system bei eingriffen intelligenter wesn,
Zeitschrift fur Physik 53, 840 (1929)
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2" principle of thermodynamics:

*  Fix the minimum work W for any energy
transaction (reversibility)

+ Complement the energy transaction by heat
Q (1%t principle)

* The higher the degree of irreversibility, the
larger the gap between the actual and the
minimum works

Information/Entropy/Heat intimacy:

* H-Theorem (Boltzmann, 1872)

* Concept of missing information (Shannon,
1948)

« Equivalence between missing information
and entropy S (Brillouin, 1956)

2" principle is restored by the Maximum
Entropy Principle to describe steady-states
and provide time-arrow (Jaynes, 1957)

Processor appears as a cooling (but
computing!) machine

C. E. Shannon, "A mathematical theory of communication,"” The Bell
System Technical Journal, vol. 27, pp. 379-423, 1948.

L. Brillouin, Science and information theory. New York, USA:
Academic Press, 1956

E. T. Jaynes, "Information theory and statistical mechanics,"
Physical Review, vol. 106, pp. 620-630, 1957.
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Computational viewpoint (so far)

Erasing a memory is an irreversible operation because, at the end of one cycle of the computing machine, the knowledge of the final state cannot provide the initial state

Information immunity:
. Binary coding
. Damping and barriers

From logical switches to gates:

. Reversible: NO

. Irreversible: AND, NAND, OR, NOR, XOR, NXOR
. Requires up to 6 switches per gate

Combinatory circuits (the output depends only on the inputs):
+  Karnaughtables
*  Applications:

— Operations (AND, no carry),

— Comparators (NXOR),
— Caoding/decoding...

Sequential circuits (the output depends on the inputs and history):

* 1-bitlatch (2 NAND or 2 NOR)
*  Memory stack (carry)

Landauer’s paradigm (current):

Is it possible to perform logical/binary operations without energy?
»  Erasing a bit releases the entropy: kg Ln2; whereas

*  The energy to set a bit is given by the logical technology

=> Value distribution between data and energy results from:
— Boltzmann constant kg=1.381 x 102 J/K
— Coefficient of Performance of IT systems
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at | + over—forced
+ under-forced
= I manually optimised
g 1} = = ~ Landauer's bound
= Fit: In 2 + B/t
o 11
- 2t [
v, + Y
1 f I
0 N i
0 ] 20 30 40
T(s)

Figure 8. Mean dissipated heat for several procednres, with fixed 7 and different
walnes of fu.e. The red points have a foree too high, and a Pspe.. = 99%.
The blne points have a foree too low and 91% < Pi. < 95% (except
the last point which has Psg,... = 80%). The black points are considered to
be optimised and have 95% < Pgeo., < 99%, The crvor bars are £0.15 kg7
estimated from the reproductibility of measurement with same parameters, The
fit (Qh—n=In2 + B/7 is done only by considering the optimised procedures,

R. Landauer: Irreversibility and heat generation in the computing process, IBM Journal of

Research and Development, 5 (3) pp. 261-269 (1961).

Figure from: A. Berut, A. Arakelyan, A. Petrosyan, S. Ciliberto, R. Dillenschneider, E. Lutz:
Experimental verification of Landauer's principle linking information and thermodynamics,

Nature, 483, pp. 187-192, 2012.
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Logical structures and technologies

Maturity of the state of the art (on shelves)

Combinatory MOS Field Effect Transistor (um scale): Giant Magneto Resistance effect (nm scale):
+ Voltage on the gate acts on depletion layer (2V) « Magnetic field acts on anti-ferromagnetic multilayer structure
*  Measure logical state with source-drain current Electron diffusion by the magnetic structure is spin-
«  Switching energy: 40,000 kT (dynamic losses) dependent, leading to logical states
«  Static losses: leakages currents (polarization) «  Switching energy: 20kgT (dynamic losses)
negative gate sacondary voltage off |I secondary voltage on
voltage :
source 9 eyfation drain gat 04 o !
— = + } !
Fpe” Ferromagnetic 1 fn | : g R
coupling o et
.Elnmar)rvultags l
| AR % R_,.R—R,
itive + ~105_ -5 ¥ ~10-3_ -2
xlﬂutge gate +secawnage on H sacondary voltage off COP~1O 10 An me“omgneﬁc COP~10 10
source galkii}sulation drain source # drain wup"ng ,‘: ‘ :: :
& e " i * t ol n : *R,
= El S l s s
primary voltage .;I)rimary voltage

T
N. Gershenfeld: Signal entropy and the thermodynamics of computation, IBM Systems Journal, 35, (3&4), pp.577-586, 1996.

V.K. Joshi: Spintronics: a contemporary review of emerging electronics devices, Engineering Science and Technology, an International Journal ,19, pp. 1503-1513 (2016).

Semiconductor Industry Association/Semiconductor Research Corporation (SIA/SRC) : “Rebooting the IT revolution” (Sept. 2015): https://www.semiconductors.org/resourg¢es/rebooting-the-it-

revolution-a-call-to-action-2/ . Llfe |S (l)ﬂ SChnEider
9 Electric
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Moore’s law as a marketting response to Landauer principle

mm:ﬁb:;l;:muzenz&‘zéusem)
...'.m';.'m""ﬁmﬁ’assm’
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n'<"'.:‘..’2‘2;‘...“’1"=‘s>§?£..“’°°§""eh, = 498 [ v [ Intel Pentium fro
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S F / PA Semi PAGT-1682M
‘|_ i F AMD At
x 1000 Digi 8400 6/575, 575 MHz 21264 E LE+05 e ""'"'“i:.f:i&'&?'f—— // s S
§ AlphaServer 4000 5/600, 600 MHz 21164 é VIACT N/ 7 AMO Phenom 1 X6 1100T
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:; i E AMD Athlon X 60 {dual core) - T IntelCore 7 875K
e 100 s EM POWER . F P R T Intel Coreli7 2600K
& Intel Care 2 Extreme QX9770 + N, ~ X
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10 kel | ~
F Ni
" =~
LE+01 ey
E N
4 . © N
1978 1980 1982 1984 1986 1988 1990 1992 1994 1996 1998 2000 2002 2004 2006 2008 2010 2012 2014 2016 2018 LE+00 5 - 5 5 5 = -
1990 1995 2000 2005 2010 2015 2020 2025 2030
From: J.L. Hennessy and D.A. Pattersson, “Fundamentals of Quantitative Design and Koomey’s law reported to Lapdauer’s bou_nd (per switching transistor) from: V. Mgzauric,
Analysis” in Computer architecture: A quantitative approach (5th edition), Amsterdam, A. Auffeves, O. Ezratty, S. Ciliberto: « Quid after Moore’s and Koomey's laws? » in
Netherlands: Elsevier (2018): 1-97. Annales de Mines, Avril 2023.
The Koomey’s law is derived in: Koomey, Jonathan; Berard, Stephen; Sanchez, Marla;
Wong, Henry;, « Implications of Historical Trends in the Electrical Efficiency of Computing »,
IEEE Annals of the History of Computing, vol. 33, no 3, 29 mars 2010, p. 46-54. . | S h d
Life Is On chneider
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Process optimization

(active) energy efficiency “beyond the meter”

Any process is characterized by an efficiency K,
depending on:

* Intensive variables (state variables of the
Gibbs free-energy)

« Extensively and linearly from the input XE;

Maximize the end-use service E, regarding the
final energy E; :

« Digitalization is efficient for large enough E;;

* The higher the COP, the bigger the potential
for global efficiency
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N
X
> Kd >
E; 7
k
1-—x
Ef 3 1 ;= 1
E, kE, K, (i)
E
min ol
1>x>0 E,

0<K <1 acts linearly from the input and depends on the information carried out by digitalization

kis the coefficient of performance of data-processing
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Process optimization

(active) energy efficiency “beyond the meter”

1 _ N
K, worse solution than inaction X
B N R K, R
E, E T E,
By k
! 1-X
1 .-_:_.__-.::-__.__._:.E'_-.:.__ .................................
E . p Er 1 1
'\ No solution (spajl 2 f =
ienergy ioptimal idigital ! . E
- EE potential increased with E, and IT CoP k (no upper limit) min ——

1>x>0 E,
*  Lower limit for process opt|m|zat|on IS given by:

Kd (0) > Kd (0)/kE 0<K,<1 acts linearly from the input and depends on the information carried out by digitalization
k is the coefficient of performance of data-processing
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*  Ef(k)isthe Legendre’s transformation of E, /K (i)



Digitalization of energy

IT endogenization in Reference Energy System

Control:
. Balance supply and demand in “real time” in a context of X
decreasing inertia > ](e >
. Manage highly supplying and stability assets with E E
versatile loads (negative resistance) in a context of migration p f
. Traceability of energy (from to factorial complexity)
. Signal quality under variability: Enforce synchronism (clock) to k |
provide the lowest dissipative grid 1-x
. Cybersecurity, redundancy and resilience
Forecast: fo n 1 = K.(i)
. Local weather to mitigate intermittency effect E kE L= Rl
. Predictive maintenance to keep productive highly dispersed p p
energy assets xE
f
Maximize the residual final energy XE; regarding primary energy Ep max ———
1>x>0 E),

0<K,<1 acts linearly from the input and depends on the information carried out by digitalization
kis the coefficient of performance of data-processing

Life Is On Schmleider

Confidential Property of Schneider Electric | Page 49 g Electric
Public



Digitalization of energy

IT endogenization in Reference Energy System

N A
K, (l)
d Jaw) «
1} R S i . .
__________________ : v Ke v
Er | E, E;
E, |
|
xE | k |
f
E, | | 1-x
........... S IR
: XEf 1
' + i =K, (i)
! e
| E kE
! p p
. : , >
lenergy loptimal ldigital fo
Energy demand xEy is limited by the productible E,, and the IT CoP k max ——
xE¢ (k) is the Legendre’s transformation of E,K, (i) 1>x>0 E
Lower limit for optimal solutionis given by K (O) > 1/kE 0<K_.<1 acts linearly from the input and depends on the information carried out by digitalization
kis the coefficient of performance of data-processing
Below, consider a decoupling between harvested-E;, and the
demand-xE; energies leading to a mainly solutlon Life Is On Schnelder
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Forthcoming and long-term ICT issues

Sustainability of digitalization:
* is at concern with CMOS technology; and

* depends on forthcoming IT technology efficiency and its implementation (e.g., spintronics)

Due to energy footprint of digital solution:

« Digital and energy transitions (<2050-70) appear intricated; and
* Require long-term planning exercises including IT functional resources availability (energy/information/material);

« Magnetism is at the crossroads between energy generation and digitalization!
Value distribution between data and energy also results from physics considerations

Controversy:
*  Physical entropy (Boltzmann):

« lrreversibility is due to finite-time process
«  Dissipation is due to fluctuation of macro-state to reach
equiprobability of micro-states

*  Computational entropy (Shannon):

* lrreversibility is due to the loss of memory of the inputs
»  Dissipation is due to stepping voltage charging of
switches (50%) and erasure (50%)

= From Landauer’s to Reversible computation paradigm
C.H. Bennett: Logical reversibility of computation, IBM J. Res. Develop. 17(6), pp.525-532

(1973); Notes on the history of reversible computation, IBM J. Res. Develop. 32(1), pp.16-

23 (1988).
W. Porod: The thermodynamic of computation: A contradiction, in: Energy limits in
computation, C.S. Lent, et al. Eds, pp. 141-154, Springer (2019).
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Adiabatic logic:

*  Process switching energies through ramping voltage sources
+  “Rewind” computation to recover switching energies
*  Trade-off between extra-memories management and erasure

Massive parallelization:

*  Slower computation to allow the latter; but
*  Need to consider new programming recipes and new
competencies

M. Konopik, T. Korten,.E Lutz and H. Linke: Fundamental energy cost of finite-time
computing, https://arxiv.org/abs/2101.07075, (2021).

A. Aufféves: Optimiser la consommation énergétique des calculateurs quantiques: un défi
interdisciplinaire, Reflets de la Physique, 69, 16-20 (2021)..

N. Margolus, L. Levitin : The maximum speed of dynamical evolution, Thysica D120

(1998) 188-195 Lifels®On | Schneider
& Electric



Energy system materiality

Dilution of energy infrastructures under decarbonation :
. Material intensity of renewables is higher than conventional

400

Steel intensity
(VMW capacity)
300
250
< O Wind
200
100
< 70 Oil & Coal
70 Gas 60 Nuclea-
0

Geostrategic stake:
. From primary energy to functional material tension
*  Low potential in developed countries (except China)

Business model constraint for mining industries:
«  Change the merit order and subsequent value of ores
*  Modify the profitability of extraction sites

Circularity issue:
*  Recycling is 80% less energy intensive than extraction

. Emerging countries have no recycling potentials
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Conclusion

Power system has currently a very on CO, emissions (45%). However:

* It benefits from a natural reversibility property provided that
+ Carbon-free technologies are implemented

The systemic aspect of energy sector claims for long-term planning studies to achieve the energy transition
*  with dedicated models and tools

“ All electric world “ contributes to the future towards a clean energy system. However:
+ Carbon-free generation must be including ancillary services!
« Grid synchronism is a critical issue to correctly aggregate kinetic energy and face to fluctuations
* Due to local generation, p-grid and decentralized concepts allow:
reducing congestion throughout the grid while improving the synchronism indicator at the transmission scale
the constraint on synchronism is rejected on the distribution network (with lower voltage and extra losses) inducing investment at this stage
. are expected:
to constrain kinetic energy to a relevantlevel over the prospective horizon (compared to BAU)
for local empowerment, claiming for on-grid concept of y-grid as an enabler of the whole grid transformation towards decarbonation
* US, India and are regarding reliability constraints under “All electric world” option

Externalities such as and claim for endogenized planning exercises.

Life Is On Schmleider
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