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The power Grid:

A complex system

m Particularities of power grids:

> Strong Coupling with other
infrastructures

» Open IC
» Primary Energies
>

> Complex System

» Large scale — multi-layer system— interdependent
» Chaotic behavior, difficult to master

> Subject to various disturbances

m System vulnerability and &

failures
> High Economical Consequences
> Less and less accepted

» Ensure the integrity of the whole system
whatever is the disturbance




JSICY  System blackouts: a permanent

Some recent large scale Blackouts

Country Affected date
population

670 Millions 30-07-2012

Brazil & Paraguay | 87 Millions 10-11-2009

Affected Population

100 Millions 18-08-2005

But also

® Guadeloupe (2012), Malaysia (2005), Jordan
(2004), Greece (2004), Finland (2003), Sweden &
Danmark (2003), London (2003), ....

Variable cost but can approach
1% GDP

Toronto, blackout



2014 Energy Transition Law

Key pillars & scenarios for medium/long term targets

6 PILLARS, 7 PROGRAMS

GENERATION CAPACITY MIX
IN 2030: SCENARIOS

40% less greenhouse 30% less fossil fuel
0d5 EMmIssIoNs consumption
in 2030 compared in 2030 compared
to 1930 to 2012

Reduce final energy =508 less waste
consumption in landfill

by 50% in 2050 by 2025
compared to 2012

. Renovating buildings & homes
. Clean, green transport

. Circular economy, recycling

. Renewable energy

. Nuclear energy safety
. Simplification for efficiency

Increase the share of
renewable energy sources
to 32% of the final energy

consumption in 2030
and 40% of the electricity

production

Diversify electricity
production and reduce
the share of nuclear power
to 50% by 2025

Empowering citizens

Puissance installes [(GW)

] capacity in 2030
e for 4 scenarios

Installed

Huclaar Wind

H 2012 Median RTE
B MNouveau Mix RTE B Vision ADEME
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Some highlights vs. prospectives

& 2015-2017

® The warmest years ever recorded
(the coldest: 1909)

@ Paris agreement COP 21: legal

& 2025 - 2050

2 Electricity for digital
o +50 TWh a h 2040

agreement
@ US$ 348 Billions investment in RES Consommation totale d'énergie finale
(worldwide)*
. PV:303 GW, + 33 % -
. Wind: (487 GW, + 12,5 % 154 e
« 2016: US$287,5 Billions investment o b
@ Electric Vehicles: 50% increase = s
® More than 300 millions customers <t
gained access to energy (worldwide) s0 o

2040
Sowrce | 505 el projections UFE

* Bloomberg
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m Impacts: positive /negative
= Most RES

m Asset management

m Failure risks

m Cost and acceptability

= Grid evolution



GZELab French and wordwide evolution...

Grenoble Génie Electrique
Grenoble Electrical Engineering

Nombre et puissance cumulée des installations de production raccordées au réseau d'ERDF
{données ERDF})
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Global Wind Power Cumulative Capacity (Data:GWEC)

Solar PV Global Capacity, 2004-2014

Gigawatt
200 World Total

177 Gigawatts

Bl worldwide
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Wind: Poweroutput of a wind farm over 1 month, UK PV: ex of Vinon sur Verdon (May 31st 2009)
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m PHEV -
» 1 Mo fast charging stations - 43 GW

» Stochastic effects — geographical and
temporal




The physical reality of Generation-
consumption balance

Pooling generation sources
and load :

Lantalled = LP consumed

i generators iloads

Very limited storage

(Y HV/IMV

NB3kV/20k ‘|| Dynamic balance

63k\V/20k

Technical ‘ Technical
constraints at mmmm  coOnstraints at
injection points cons. points

Electrical grid: A common good, and economy factor




Grenoble Génie Electrique
Grenoble Electrical Engineering

GZE FLN [ arge blackouts and impact on frequency/vc

Frequency behaviour on 28 Sept. 2003

™
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Soazza-Sils .
Outage Separation from e — — 1 Italle
I European grid I Loss of al power plants i
operating at distribution

grid ~1.700 MW

i g
\;LV /I"I' [T T 1
[ Loss of 21 out of 50 main units before th:

—‘—‘;l:_#_‘L—rrillml threshold ~3.700 MW

i

automatic pury
shedding [ —J
~3500 MW P 4 y
i Id E\ l ™~
es o 1 J SR L — Definitive
N NN L (B

Load shedding (EAC) equal to ~600 MW each (-
0.1 Hz) frequency loss; total ~7.000 MW




Frequency stability concerns

Ex. Ireland energy mix Impact on system inertia duration curve
evolution from 2010 to 2020

(o))
o

0 T
Power system 2 .
o Sy = 50 Nnertia 2010
Inertia ~
©
£ 40 | o
- 700MW YC. 5 N |
[72] | | \ ~
:j ~
g o a
s 20 ]
Bulk assets S 40 <
phasing-out %) i)
+ 4200MW 00% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
Percentage of hours in the year

L

Power electronics

penetration 11
PhD: G. Lebel



GZE Lab

Grenoble Génie Electrique
Grenoble Electrical Engineering

Impact on voltage profile

. Grid Voltage

in. Grid Voltage

+5% U
5% U,

1 N0

n

Réseau radial
Sans éoliennes

Réseau radial
Avec éoliennes

T

pertes (GWF

Examples of technical impacts

Impact on technical losses

0.1 0,15

Taux de pénétration

02 0,25
Source: EDF

Impact on harmonics

J]J]m”]llh

Figure 2. Voltage and current waveforms at the low voltage side of a MV/LV transformer, and
spectral distribution of harmonics with the 11th harmonic salient due to grid resonance (Bosman
2006)

Source: PV Upscale



B Increasing complexity: how to cope?

B Fulfill changing needs
B New usages, consum’actor, ....
B RES/DG integration
B Increased uncertainties

B Constraints:

B Technological:
B Build on existing assets
B Maturity of technologies
B Centralized vs Decentralized approaches

B Economical
B Economical models and viability

B Regulation
B [ncentive vs “a posteriori » regulation




SmartGrids evolution and value chai
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is a key element of SmartGrids but
the only one

™



Grenoble Electrical Engineering

214 The meters: communicating or smart?




Linky project main data and 62 §ng

Gre b/EIl‘ al Engine

International benchmark

AN INDUSTRIAL ROLLOUT TECHNICAL ASPECTS DAILY CONNECTION RATE TARGET
SIIE T e
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10,000 jobs created in Mombre de compteurs (millions)
France Billion of current Euros of
' l (direct or indirect) investment by 2021
(5,000 jobs for mass rollout)
EN2nNis
LELECTRICITE EN RESEAU Italie (Enel) € 2,1 Billions 30 millions €70
UK (Ofgem) € 5,2 Billions 27 millions €193

Susde (E.0N) ©02Billons 4 ion € 220



French Advanced Metering Technology

LINKY smartmeter
m March 2011 — End of large 35,000,000 700,000 :
scale experimentation Linky CPL concentrateurs  CGPRS Si Linky
= 300000 ERDF'SLINKY (in < — > <7F > < > € >
both urban and rural area) gl &
m € 5 Billions | 2| Réseau BT - i i
H '. s s .. ‘ /inl.imm

Poste HT/BT b
. i

]
Biir]]

m Load control functionalities
m Bidirectional transfer of information: 4~, -

m Price options to end users 5

m Load curves to providers

Clients 2
" ... Fournissaurs

m Mass deployment started end 2015

17



Smartgrid at the end user
Energy box as « Energy Manager »

électrique

=
S
v
7
‘O
(04

Information flow

i <

— Electricity flow
Communication

terminals Controllable loads « priority» appliances
Source: H3C Energie

18



Ad

SmartGrid Technology challenges:

Main categories

Advanced

supervision

& control
Ad Va n Cegd‘ Electrical grid I n te I’fa CeS y
SeNnsors | communications
measurements

Non utility

vanced grid components components
Storage . _ = Generation (PV, WT, ...)
T&D (intelligent substation, new gen cables, ...) . Electric Vehicle
Actuators (compensators, smart protections...) } ESP & End user interface (box,
Robust switching and fault management appliances, ...)

19
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SmartGrids demo pr
Franc




French Smart Grids initiatives: From extensive

R&D effort to real life pilot projects

Currently, over 120 projects on the French territory

" Pro PE pa égion . France antérs

m Research Roadmap on Smartgrids B W
m ADEME, ANCRE, EU SRA-2035 . 3 Sy J. .
m Funding large number of R&D and demo pilot W NP
projects Ty .
m France: g e N
m Public agencies: ADEME with Future Investment Council, ANR,... e RS s G
= Industry research funds [ g e b, . '
m EU: under various research programs o
m French pilot R&D project specificities & Oua @ «
= Whole energy chain coverage Number of projects per functionality
m Generation-T&D-customer involvement -
m Planning and Operation
m Extended stakeholder landscape and consortia: o
m academia, research centers, industry, local communities, regulators. zu
m Innovation and validation of technology
options, opening up future R&D directions 10 H

Electric lntegratlon Storage Load Other

21 Vehicles Management
RES



GZEL"”” Some figures and EU comparaison

MAIN DEMONSTRATORS PROJECTS ' Distribution of total budget per stage of development and country
LOCATED IN VARIOUS AREAS IN FRANCE s

PRINCIPAUX DEMONSTRATEURS EN FRANCE

) N\ s

ECO2CHARGE
BIENVENU VENTE{A ’

Budget, million €

mR&D = Demo & Deployment
EPT20 - oncerT criD |
ISSY GRID -

HOUAT ET EGUISE
HOEDIC .\
SG VENDEE AFACHECO

WATTETMOI | SREENLYS

SMART ELECTRIC
VELCRI LYON

SMART
ELECTRICTY

| =& Unclassified
Regulatory
m National
| m Private

® European Commission

Budget, million €

Source: JRC
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Example of the
Demo Project




#= ' An Urban SG demo project,

&Ld Involving the various value chain stakeholders

Final
customer

v 1¢"urban full scale demonstrator in Grenoble et Lyon

v" Awarded in the first « Investment of the future » program from ADEME r Provider
v' 1000 real end users and 40 commercial sites involved prj;:cer

v 43 million euros investment (Smartmeters not included, already funded)

v' 4 year experimentation 2012-2016

- \
DSO and
TSO
Complementary stakeholders representing the French energy chain w .

Generation _ _ o
TSO / DSO Supplier Research & University Manufacturer ICT Associations

7 5 - N
» = s Grenoblc)iNg l SChﬂelder’
“ERDF©” ALl SURAISIRER )/ ] ) PElectric
Gceo
J
%t )
RHONALPINERGIE
\ ER-EQW‘M il A L ST@) M Aws En vﬁgem




ssm__ A project that covers the whole energy chain

Cost-Benefit Analysis Connection and control of DG

Specification of the (PV, cogeneration...)

transition steps to the Aggregation platform for

future smart system _ load flexibility/business model
o  Blen JEUENL L B Y for the aggregator

i
Smart control® [
solutions

! 7E)
(measurement, * '|'Fi: |'

v RE | . .
monitoring, 1| [N Experimentation
analysis, self- Jg “\ of energy
healing...) = =~ |management

| = Jtools (Linky &
= Energy box):
- Appliance

curtailments +
behavioral and
sociological
studies

.,
-

ICT functions _—m s | Integratio_n of ele_ctric vehicles
‘ - ‘ Through Linky and charging stations

smart meter and
E-Box




GZE Lab

| )
Grenoble Génie Electrique
Grenoble Electrical Engineering

P

1. Place des Archives

2. Groupe scolaire,
créche et piste
drathlétisme

3. Bureaux
et logements.
4. Stade de football

5. Parc de Saone
1+ tranche (= hecrares)

SO LR
75 logernenes

Lyon Islands

10. Place nautique

11. Pole de loisirs
et de commerces
+ hotel

12. Hotel de région

13. Immeuble
de bureaux Eiffage

Dock

22. Musée

Confluence district



GZE Lab

Gren ab/e E/ect calE g ee g

oy chAMBAE 50 8
s TR, & (=TT T

PRE &I B 1 z
Iiliﬁltiﬁii
2% “‘4‘
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: W e A4 Poste HTA/ELE,
...- oste
4 "I I de distributi

Fon mama

Caserne de Bonne and Bouchayer-Viallet



= An operational LC system for the
residential customer

Agrégateur
Si
CRM
Call Centre

Data gathered from the energy boxes
e Total consumption of the site 2 Load control modes
e Heating consumption
e SHW consumption (Hot Water) e Decrease of -1° C of T° setting .
e House Temperature * Heating system stop (On/Off) ——
[ J

Temperature setting / ———



= Deformation of the load curve assessed

“GreenLys

Rebound / Shift

Puissance (W)

Curtailment

00:00
00:50
01:40

02:30
05:00
05:50
06:40
07:30
10:00
10:50
11:40
12:30
13:20
14:10
15:00
15:50
16:40
17:30
18:20

19:10
20:00

20:50
21:40

03:20
04:10
08:20
09:10
22:30
23:20

Puissance réalisée

Référence

First results :

Without control, the rebound in power can be
significant and increases the peak at the
substation

The energy shift is observable an hour after the

curtailment. Beyond that, it merges with the
noise

Multlple stakes :

The rebound in power must be mastered in
order to limit T&D costs

« The energy shift can represent a cost to
customers and suppliers, which should be

minimized

Rebound

Shift (1h later)

Modelled shift

i

Between 25 % (local rebound control)
and 45 % (without control)

Between 20 % (local rebound control)
and 60 % (without control)

100% over 24h

Ea

A



& —GreenLys: Observability for Flexibility
Testing new integrated technologies

Linky data for grid operation and upgrading
Ré seau d’|i¥::fé712‘?° Centre Appel

Dépannage

Le coffret PA IRIS

Canteurs
] Le concentrateur LINKY
POSTE Conduite/Exploitation Les tores BT
HTAI§T WAN GPRS >
3 N v~ i . J, IR

| SI CENTRAL

Agence Centrale de
Supervision Linky

Compteurs
;i£q1'01A\'...;;r;
LYOW -

P Linky

derpvrey des MA pte  Aide P D
Iattra wn e -
i 3 (A, A YA gy e = i~ . e : A R .
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- i oty i1 o 3 = | G 1o} A\ S
\ T A, ok 2 bt g g r ===l
s i Yot [ ’
- o 0 3
e
: 2 = | 1 :
O I W ©
3 — carten
el |
0 o
i

The distribution grid is totally
observable, Linky is the basis
of this observation




Innovative forecasting solutions tested
for better integration of RES/DG and grid management

A solution tested in GreenLys

Prév'ENEDIS

= PV with CEA INES & HESPUL
= Wind with RTE (Préol)

= Consumption within ENEDIS

Solution prototyped in 2014

» Local vision « from D-3 to H-15mn »

= A vision at a substation perimeter

= A vision at the generation site connected to MV
e o = At MV/LV substation for sites connected at LV

grids

=
L




noble Gén Eltq
G b/i:'lt IEg

| ?—é Innovative D-VVC Gz€lab
~GreenlLys

for higher RES/DG integration rate

= RES insertion limit
® With P/Q classical control
Smax = 2 * 900 kW
® With D-VVC
Smax = 2 * 2600 kW

t=1200s: Tenson sur le réseau

1.05p.u.
GreenLys Accusine . .
for WC with RES !'DV paqelsﬂlocatgd in Lyon Confluence on which the
Accusine" solution was tested.
Manufactured by
Schneider Electric
The voltages varies :
l1pu by +/-1% with the Accusine
And by +/-8% without the
o 22/07 ACCUSE!}%} 24/07
i.
-
0.9%5pu i | 1zh 13h
Classical P/Q Control |
D-vVC Overvoltages N | |

;_



DG and Grid investment on
Grenoble system

& Principes du test: Exemple pour
Etape 1:

Diagnostic — Inventaire du réseau ® ApprOChe StatiSt]que e
existant (MOﬂte Ca HO) |
® Pas d’hypothese sur
I'emplacement, le

, nombre et la puissance
Etape 2:

Connaissance et prédiction des
charges

8 Taux d’insertion:

P
r=—"2 (enw)

P..:
Etape 3: reseau
Construction de la cible long-terme
& Probabilite de
fonctionnement du
- . P(t) = 100 % . 40 < P(t) <60 %
) reseau .
Etape 4: . .
Stratégie d’évolution et réseaux N . i ) 80 < P(1) <100 % . 20<P(r)<40%
intermédiaires P(T) . essals reussits (en 0/0)

Nessais

60 < P(t) < 80% . 0<P(1)<20%

Theése V. Goin



Projet SOGRIDProject :
Connected power grid through PLC-G3 all over i
the whole energy chain chaine

GZ2E 1ab

72 SOGII
:53; Coupleurs CPL-G3 (i rree ) ’ :: . v W p—
| & multi capteurs icati ' o SRS SRR A SR

= rf -
Gestion de la demande Zi
el intégration des
nouveaux usages

sede
CPLFCC

|
< >

CPL Cenelec-A

: ; 0pep =
Poste source ERDF Reseau HTA Reseau BT ¥a ! L J G r I D
(LA

@ e
Observabilite Observabilite Solution de
du reseau du reseau Coordinateur _ raccordement Compteur
g Dasse tension moyenne i geie )
vabili tension —_.—QTA e

Ohservabilité r N PN QD

du poste de : :

fransformation = '

; ; e Concentrateur
Intégration des gnergies 2 (_i__\ emps réel”
renouvelables ,\_}U 4

D L
T~ | — == z
e . 22 g ® 28 postes HTA/BT
< Captelrs | i}
™ oy Coupleurs CPL-G3 |l ; §
\\\f & muili capteurs -

Full PLC-G3 IS based
system operation from
Linky to LV and MV grid.

y

.-‘
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Multi-scale of S




P

S
.

G2ELY « Cooperative » systems Visio
, Grenol yoring :

from Microgrids to Supergi

m Need for a « system » vision and a global
security of supply

m Different scales but complementarities:
geography and generation profiles
m Microgrid:
m Decentralized generation - RES
m Local energy management -resilience

m Supergrid:
m Combining vertical and horizontal visions
m MTDC grids

m Distributed intelligence:
m Facing complexity

» nn .’o
g




4 Grenoble Génie Electrique
" Grenoble Electrical Engineering

Innovative strategy for stability of microgrids ,52 € Lab

Primary Support Modbus TCR/IP LogicController A Business as usual
Coordination Agent il bedoniah o Sfe ey fL1L

M171 FCR supplier a

l Comparator
Bulk Generation

I

FIPATCP/IP »

Fa Range of operation Fb
) 1

Clearing Primory_
Varia ble results Substation

Speed Driver Market
. Iatf
M Altivar 212 Pt
eter - Secondary b

PMQC w P sensor Substation Bottom-up

Coordination Coordination

Agent i i Agent
f sensor +load |§3?§éﬁ | @ @ Sooman | ¢

Peer-to-peer

| |

00—

-z 4 t
A AR A dih control e
&'_Lb il

l Loads
(a) Resistive loads (b) HVAC system
CEMS (customer energy management services architectures) Large scale architecture
System Frequency of Kuching Island face to an incident of 0.2pu
= 53
= «—Blackout
= 52 =  With Coordination
1=, = sy
COORDINATION é‘;]— Without Coordination
% 50
m 49 T T T T T T T T T 1
0 1 2 3 4 5 6 7 8 9 10
Bulk Generation . . _
D g «<——  Post-blackout stripping of the last UFLS
E 014 Y\Spimliug Reserve only
E by
g 01 ‘/A.Spummg Reserve + Coordinated shedding
2 Ly
£ R 3 3 ‘ 5 7 g 5 10

5
Large gaps : UFLS Tripping Time (in s)

Targeted step-by-step droop curve

Source: PhD: G. Lebel



Some tendencies on energy systems

More E LECTRIC

~ Electricity demand driven by
“decarbonization” and new
usages, smart devices, ...

> 2X increase of demand

Elec/energy by h 2040

vore DISTRIBUTED

GZEWs

noble Gén Eltq
G b/i:'lt IEg

More CONNECTED

ey > 10T will connect at least 50 Qé ﬁﬂ

billions objects during the ? N
73.2 o\ Ve

next 5 years

W
®
RE

@

wore EFFICIENT

82%

> 213 of energy efficiency

> Integrating decentralized >
energies close to end $o
users, dispersed, PR~ Y
PEB/PET, microgrids, ! !
local management of '-;{ﬂ P

energy, consum’actor, ...

> T0% of generation units
will be RES by h 2040

Buildings & Data

- potential not yet explored:

79% Centers
» (A > BUiIdingS, indUStry & 58 Infrastructure
infrastructures, end users and %
1 IfQustry

data centers seeking for
performance improvement, an
Carbon footprint

Untapped energy efficiency potential
by segment

1 World Energy Outlook 2012, OECD / IEA, Internal analysis/Schneider Elec.



Emerging consequences...

& Towards a revenge of Edison (back to DC) ?...RES and efficiency

8 Emergence of local actors and « communities» on local power generation
and new usages, ...

& Paradigm change : economical and technical

® From based energy systems to paradigm

® From consumption to demand on energy
(variability)

® From to at local scale

& Managing local grid «cells »

& The challenges:
e value?
e model : local vs global vs liquidity
e of service needs?



Distributed intelligence for local energy
management

IA Elementary intelligent agent ,A \ //

capable of receiving and \ IA

sending signals and platform of / N
integrated functions 1A / -
\
\ 1A \,
Cell 1A Intelligent agent for the / '\
. . . . 1A Cell IA
SGAD distribution grid cell



Distributed intelligence: Flexible functions and Protection
organizations Atomatic

control syst

Automatic

control syst
Inter/intra-cell

power flows

MV Cell

Inter/intra-region
ower flows

Inter/intra-region
ower flows

Protection IA "
Automatic
| .
fr?{;t{,?m?;?;rea Functions located .
ower flows in each level of IA SGAD
intelligence



GZE Lab

Greno b! Ell IEq

70 (mia de USD) - -
Smart Grid, bénéfices
attendus en 2019
(en mia. USD)

Déplacement de la
demande ("shift p&ak”)

Qutils et applications permettant
d'accroitre |'efficience du réseau
(réduction du voltage, détection des
problémes, isolation, monitoring &
diagnostij/ues réseau, eic.)

Préserver/économiser Capteurs + reléve

Iénargie automatisée des

i ( mpteur
Eviter les colts de compleurs

surcapacité

Customer applications Advanced metering Grid applications - Source: McKinsey

Smart Grid, chiffre d*‘affaire attendu (en mia. USD)

120

100 B Volumes Technologie
Smart Grid

2009e 2013e 2017e 2021e 2025e 2030e

Source: Morgan Stanley

Economic value of the integration of Smar:
Estimations

Smart Grid $100+ Billion Market by 2030
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Source: Company data, FERC, EPRI, Brattle Group, IEA, Morgan Stanley Research.
= Morgan Stanley Research estimates

We expect the smart grid market to grow 100% in the
next five years and 400% by 2030,

from $20 billion today to $100+ billion in 2030. Since 2001,
investors have provided ~$3.6 billion of private funding to smart

grid companies

Morgan Stanley



Conclusion

Major societal stakes
m Climate — Energy — security of supply
m Energy transition and paradigm change

Grid issues: Increasing Complexity
® RES on the rise and evolution of consumption patterns
® Increasing uncertainty level
® Technological, economical and regulatory challenges

From Heritage to innovation
® Power grid: evolution vs. revolution
® Need for a system view: avoid analysis per « segment »
® Complementarity of local and global actions
® Remarkable field of scientific and technological developments

Managing transitions for a Smarter Grid .




