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SOME DEFINITIONS

Voltage (V) Analog to pressure Volt
Current (I) Analog to flow Ampere
Power (P) P=UxI Watt
Energy (E) E=Px time Watt h (Wh)
Frequency (f) |For alternating Hertz (s)

frequency)

Quality of electricity:
* Continuity (no short/long power cuts)
* Voltage (level, flickering, brownouts, transcient

overvoltage, harmonics, imbalance between phases,

:‘:eDF Summer Course on Climate & Energy
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SPECIFICITY OF ELECTRICITY AS A COMMODITY

g
~ S €DF

Electricity cannot be stored / Real Time generation / storage
capacity limited and/or very expensive

Demand: variable
Prices: Volatile
Natural monopolies (e.g. networks)

Many technical complexities : difficulties to control load flows,
interactions generation/transmission (network congestions,
blackout risks)

Economic dispatch of production means based on increasing
variable costs

Marginal production cost of electricity INCREASES with volume

A KWh is more expensive during a peak in load
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WHAT IS A POWER SYSTEM ?

\J
& -
=~ EDF
ABOUT US ‘ BUSINESSES RESEARCH AND INNOVATION I PRESS SHAREHOLDERS AND INVESTORS CAREERS
B ! Share a

Source: EDF

& - Summer Course on Climate & Energy ";"‘f“ @ GECS ﬁnggriﬂjmgum (
» €DF 4-7 JULY 2016, NORWICH, UK WMG oMM LA oreror et EUPRIAS °

CLIMATE SERVICES




STAKEHOLDERS

Policy makers Insurers

National scale planners Investors

National Regulation Authority

Energy imports Energy exports
Importations d'électricité ‘ { COMMISSION Exportations d'électricité
via les 45 interconnexions DE REGULATION via les 46 interconnexions
électriques de RTE DE L'ENERGIE électriques de RTE

NG
Industries

» ‘ 548 sites industriels drectement
¢ A comectbmfeseaf _
© 9 ce transpoet délectricté.
('S ~
« >
7

Réseaux de distribution
de20kva220v  pyve

ERDF et 25 entreprises
lecales de distribiution

Producteurs d‘électricité

649 centrales de production nucléaire,
hydraufique, thermique énergies
rencuvelables (folien, biomassa_ ),

Transport d'électricité
de 400 kV 3 63 kV

=) Réseau de transport d'électricité de RTE
Source: RTE
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SUPPLY CHAIN IN A COMPETITIVE MARKET

European Commission: DGs ENER, ENVIR) CONCUR {:ompetition authority

| National Sector Regulator I | Political Authority I

GENERATION
upstream
Qi Finance
Stakeholders TRADING e
| Institutions
Wholesale
market
Power Exchanges
Energy Companies
RETAIL
SUPPLY downstream
R Consultants
Flexibility
S Agregators

Activities open to competition

NS
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THE EUROPEAN SYSTEM: SYNCHRONOUS ZONES

* Networks connection =2 pooling and mutual help

* |nterconnections =» physical bridges between networks &
economic bridges between markets

Various synchronous zones in Europe

[0 ENTSO-E Continental Europe
B ENTSO-E Nordic
B GB

[0 Ireland + N. Ireland
IPS/UPS + Baltic States

Direct Current
interconnection line

ENTSO-E in 2014:
- peak demand 530 GW
- annual load 3300 TWh
- exchanged energy 430 TWh
- 530 M inhabitants
- 34 countries
-41TSOs

g‘aeDF Summer Course on Climate & Energy
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THE EUROPEAN SYSTEM: TSOS

Notice France is at the heart of
the system since it connects 3
electric peninsulas.

/

Nov 09 :
same owner

<— March 10 :
Elia | «— same owner

« EUPORIAS 11
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POWER EXCHANGES IN EUROPE

NORDM POO

THE NORDIC POWER EXCHANCE

QpPX—--

-

rPOLISH
4 z POWER EXCHRNGE

EPEMSPOT

EUROPEAN POWER EXCHANGE

Sl {Power Derivatives|
E ’X A A Energy Exchange Austria

belpex:--
EPEXSPOT sElhup X

EUROPEAN POWER EXCHANGE

[y dPower Derivatives|

Cot 11 [=

; Regional

Energy Exchange

SOUTH
POOL

%’

J S C Climate & Ener b\ World Energy &
O\ ummer Course on ate ergy @y Vorld Energy®
o~ €DF 4-7 JULY 2016, NORWICH, UK - & eieorology council ELJPORIAS

12



ELECTRICITY MARKETS IN THE USA

Existing Organiz
Wholesale Markets

‘ California ISO - New York ISO

‘ Southwest Power Pool C PJM Interconnection =
Source : Electric Power Supply Association, 2008

‘ ISO New England ' Electric Reliability Council of Texas
6 Midwest ISO
\J Summer Course on Climate & Energy ) W°f1d Energy &
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DOMINANT MARKET DESIGN IN EUROPE

Day ahead
Forward and Futures Market Intra-day Balancing
Markets “Spot” Market Market
OTC and PX one OTC '\ I1so

and PX (and PX)

| | Jime

Years, quarters, months, weeks- Day-ahead Real Time
ahead

OTC : Over the Counter, bilateral transactions
PX : Voluntary power exchange, trading standard products
TSO : Transmission System Operator

‘ .
: :eDF Summer Course on Climate & Energy 14
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HOW PRICES ARE DETERMINED ON THE WHOLESALE MARKET

e e

Network
congestions
Fuel cost co2 Gen. units Hydro & wind Daily, weekly Temperature
uel costs cost availability ||& solar inflows monthly Cloud cover
& season cycles (wind)

. Spot
price
Retirement L _
of old gen units Anticipation Eg:on()_mlc
by market participants situation
Perspectlves talilhng into acchnt e -SaVin
of commissioning e [ gy g
measures
of new gen. units

Forward prices v

i
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& - ummer Course on Climate & Energy g o g GFCS b o ey il A
9N eDF 4-7 JULY 2016’ NORW|CH' UK w:To O‘;‘:IM GLOBAL FRAMEWORK FOR o EU P@RI S 15

CLIMATE SERVICES

Q
£
-
O

o)

Q
-




TYPICAL SUPPLY / DEMAND CURVE

Extreme

€/MWh peak load
Peak

Off-peak load Peak.
load generation
Shoulder
generati
Baseload
generation ﬂ
MWh
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SUPPLY / DEMAND BALANCE

Example: France

o

Minuit ah 6h 12h 16h 20h Minuit

Gas Turbines

Large Hydro w. storage

Fossil fuels thermal Gen.

Nuclear

Run of the river Hydro ,
Wind & Solar

4+
A2
O
O
~
-
=
+—
o)
1
\Y
<
Q
O
~—
L
0O
'S
|
O
=

24 h

~‘: eDF Summer Course on Climate & Energy ‘:.{p C/GFCS }\’A":tfelgrz?:gfgifciuncﬂ EU P@ Rl AS 18

4-7 JULY 2016, NORWICH, UK . Giom mvon or

EEEEEEEEEEEE




:‘:eDF Summer Course on Climate & Energy

FREQUENCY ADJUSTMENT

w0 250 Hz or 60
300 1 Hz
200 -
100 A
0
-100 1 1 0 3 0 51 60 7 8
-200 1
-300 1

-400 ~— période = 20 ms

o

|
Em

Engine Torque Frequency is the electrical consequence of
Changein  (turbine) Resist synchronous alternators’ rotation speed
Rotation Speed e5|st|ng torque
* 1 (network)
dQ. In permanent regimes, alternators run
Jl. t=Cm-Ce at the same speed
dt '
ARAMRL® &8N Frequency is uniform on an

- o »/ - ot - &> 9 -0 '.
AW WA b WtV d interconnected network

Ay ¥ Y World Energy &
¥ ) GFCS @ eteorolo ot ounci
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FREQUENCY REFLECTS SYPPLY/DEMAND BALANCE

J. @ =Cm—-Ce
dt
P max
| df /dt>0 | df /dt<0
OH:z/s

+1Hz/ -1Hz/s

Cm > Ce, alternators stock Ce > Cm, alternators release kinetic
kinetic energy : f increases energy: f decreases

~“‘EDF Summer Course on Climate & Energy
90 4-7 JULY 2016, NORWICH, UK
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FREQUENCY PERTURBATION: SEVERAL ORIGINS

Small perturbations
= Fluctuations in demand: imperfect forecast

= Fluctuations in supply:

» Impossible to control perfectly
> VARIABLE GENERATION: WIND & SOLAR

Large perturbations

= Loss of production unit

CONSOMMATION PREVISION J PREVISION J-1
= Loss of interconnection line in peninsulas

Generation unit loss Demand reduction

g‘quF Summer Course on Climate & Energy
% 4-7 JULY 2016, NORWICH, UK
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SUPPLY/DEMAND BALANCE OPTIMIZATION

- KN - R
Electricity gross margin generation + supply

v v v

Levers

Levers Levers

Plants availabilities Stocks management

(reservoirs,
interruptibilities...)

Retail price /

Costs Commercial margin

Market shares

=> Optimisation and
risk management

Optimisation with the market means:
o decision-making to optimise the balance between supply and demand...
o ... maximising the global supply/demand gross profit

o ... using a risk management policy to guarantee this gross profit (price/volume
arbitration, hedging...) and the (physical) balance of the perimeter

J S C Cli & 1 -"‘\\\ ﬁWorld Energy &
& ummer Course on Climate & Energy o3 GECS World Energy &
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A PORTFOLIO EXPOSED TO RISK IN

| Generation & Purchases | suply & Sales |

Spot and
forward
electricity

prices t and forward

ctmcu'ry prices

Renewable
power prices

(tariffs)

Renewables
production

River
run off

Fuels and CO,
prices

Availability

ectricity sale

Availability, prices

inclus.

Temp. &

river flow Weather-
sensitivity

and economic
uncertainties

¢ S i % Jf\“ “YWorld Energy &
PO ummer Course on Climate & Energy () GFCS WorldEnergy&
~ CDF 4-7 JULY 2016, NORWICH, UK - crp— o EUPORIAS 23

CLIMATE SERVICES



Supply Levers

Demand Levers

20 years ahead

Estimate energy volumes and prices (electricity,
gas, coal, uranium...)

Promoting management of
electricity & gas demand

Scheduling of nuclear

maintenance outages 5 years ahead

Anticipating purchases of fossil
fuels, CO, emissions quotas and
market purchases/sales

-/

Managing hydro and
nuclear stocks

Measuring risk associated with
energy portfolio price &
volume uncertainties

1 |
Optimizing load shedding

1 month ahead

Optimizing Generation 1 week ahead Forecasting electricity

consumption

W/ /

1 day ahead Arbitrating opportunities in
the Spot market

Generation adjustment

1 hour ahead

Global S/D

& :EDF Summer Course on Climate & Energy ) GFCS @‘&V:trelgriflf;gvcgum FU P@RlAS 24
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IMPACTS OF INCREASING VARIABLE GENERATION

16x103 — Steeper ramps

14

Mw

~ S €DF

& LOAD B NET LOAD H WIND

Lower turn-down

Shorter peaks

Feb.19 Feb.19 Feb.20 Feb.20 Feb.21 Feb.21 Feb.22 Feb.22 Feb.23 Feb.23 Feb.24 Feb.24 Feb.25
0:00h  12:00h  0:00h  12:00h  0:00h  12:00h 0:00h  12:00h 0:00h  12:00h  0:00h 12:00h  0:00h
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ADDING A LOT OF RE INCREASES THE COMPLEXITY

TECHNICAL AND
ECONOMIC
ANALYSIS OF THE
EUROPEAN
ELECTRICITY
SYSTEM WITH
60% RES

Vera Silva

EDF R&D

London, 28 June 2016

L J
L 1
~ TEeDF |
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INTEGRATED APPROACH FOR THE TECHNICAL & ECONOMICAL

ANALYSIS OF HIGH RES SCENARIOS IN EUROPE
O

Representation of VG flnvestment / hourly dispatchx

Location of VG

Generation mix

Interconection load

factors

Investment loop

Hourly load factors (or
lower resolution)

VG forecast errors
Input data
Demand time series

Generation load factors

CONTINENTAL

VG curtailment

\ Model /
Investment costs — Market prices and
_ _ | | generation costs
Generation dynamic
constraints Flex Economic Plant revenues
Fuels costs Assessment analysis
_ N4 Reserves and flexibility
CO2 price adequacy
Network transfer Dynamic simulation
iti latform s
capacities \ P / Frequency stability

Reference : M. Lopez-Botet, et all, ‘Methodology for the economic and technical analysis of the European
power system with a large share of variable renewable generation’, presented at IEEE PES General
Meeting, Washington, USA, 27-31 July, 2014.

WMO OMM
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Load factor

GEOGRAPHICAL DIVERSITY DOES HELP, BUT THERE IS STILL

SIGNIFICANT VARIABILITY AT EUROPEAN LEVEL

Wind onshore generation for
different geographical areas

4 |' _ Installed power : Onshore wind daily average generati
'| 280GW "7 imati
_____ q h Day 250 30 climatic years
"""""""""""""""""""""""""""""""""""""" Average load factor : 25% ‘/
France ] [ Brittany Farm 200 : : Winter
150 Summer Average difference
100 ; !. of daily generation:
90 GW
50
0 30 60 90 120 150 180 210 240 270 300 330 360
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV  DEC
You can reduce the variability of wind and PV at local level but the
correlation in wind regimes acts as a limit at continental level
J S C Climate & Ener ) WorldEnergv&
&' - ummer Course on ate ergy () orld Energy &
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FLEXIBILITY MARGINS NEED TO INCREASE DUE TO VARIABLE

GENERATION (AND ITS FORECAST ERRORS)

Profile of day-ahead upward operation margin required to cover a 1% risk level

12 12 High RES
2013 [ 1C:95%
10, . ]1C:50% 10 9
s I iC:5% s | . Z
S 8 8 e 2
(V] [ o
@ Low i ® 3
2 6L Morning peak 3
< dispersion T
o 4L e
o «
© J W =
= 2 [ Interval confiance 95%
N IR TP Ll [ JInterval confiance 50%
I Interval confiance 5%
0 r r r r r r r r r r r Iy r r r r [
0 2 4 6 8 10 12 14 16 18 20 2223 20 5 10 15 20 25

Temps (h) Temps (heures)

The operation margin profile changes and in the future critical periods are no longer driven by
demand patterns => need for dynamic calculation of flexibility margins and reserve requirements

=>» For large penetration of wind and PV generation:
» variability and uncertainty have significant impact
» short term operation needs to be considered at planning stage

@World Energy &
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SUMMARY

v Power systems: Complex & Interconnected

v Long-term to Real-Time chain of Processes and Decision

Makings

v’ Variable Generation large scale integration increases need for

flexibility, and improved meteorological information
v" New power systems paradigms are necessary

v' Meteorology (Weather & Climate) is key to the energy

sector !
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Price formation

*Prices are based on the offer/demand law

e Daily market: auction organized by the power exchange to set the price of each
of the 24 hours of the next day

EPEX Spot France Mardi 6 janvier 2015

::v;m Prix
Average 08-20 : . //\
Peak load price 50,00 — " e ; P
45.00—!\ // é\\\\// \\/P'd»

Average 00-24 : *
Baseload price \ /

234S6789101112131415161718192021222324

e Forward market: continuous quotation analog to stock market
e Year-ahead products on 16/6/2015 :
e year 2016 base 38,20 €/MWh, peak 46,38 €/MWh
e year 2017 base 38,37 €/MWh, peak 46,25 €/MWh
e year 2018 base 38,52 €/MWh, peak 46,50 €/MWh

g‘quF Summer Course on Climate & Energy ;
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3 types of frequency adjustment

1- Ensure supply/demand balance and Primary
frequency around 50 Hz Adjustment
2- Manage exchanges with neighboring Secondary

Adjustment

countries et bring frequency to 50 Hz

3- Restore primary & secondary reserves by re-
optimizing the economic use of the mix

Tertlary
Adjustment

Production unit

Production units that contribute to —> Pmax
Upward margin

adjustments modify their production to

. —> Po
Downward margin

adjust the frequency and the global
(national) supply/demand balance

———> Pmin

]
= @DF Summer Course on Climate & Energy

H 7 ’J&\N “Yworld Energy &
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How it works: France

Primary adjustment only

Frequency

1 " Producer

! [

1
: ) _ : f/P primary
I I Signal | S
: f/P secondary i : ~N
I I |
; 1

1

; I
h 1

£/P tertiary Instructions
I I

Y

Primary & secondary adjustment time

Frequency J

\

Y

Primary Secondary Tertiary
UCTE, global, National mutual .
mutualg level National level Area

Maintain Back to f=50 Hz Restore Primary

& secondar
frequency gnd restore e y unction
stability Interconnexion reserves & re-
exchanges optimize
- Activation
mode

~ 660 MW

50% in 100% in
15s 30s

& = apF Summer Course on Climate & Energy
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[500-1100] MW [500-...] 1000 ]-Volume

1500 MW [RPI
RENK T MW Dynamlcs
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Adequacy & Flexibility

* Adequacy is connected with the issues of investment
decisions and is used as a measure of long term ability of
a system to match demand and supply with an accepted
level of risk. This is a measure that internalizes the
stochastic fluctuations of demand and supply and their
correlations.

* Flexibility is mostly connected with operation decisions
and represents the ability of a system to adapt itself to
both predictable and unpredictable fluctuating
conditions, either on the demand or generation side, at
different time scales, within economical boundaries.

g‘aeDF Summer Course on Climate & Energy
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System services

Fast deviations,
A / « volatile »

Frequency primary Voltage primary % l
adjustment adjustment = OM, M g WK
: N
Frequency secondary | Voltage secondary | & . A
adjustment adjustment £ sow neigdehts
a « trends », M
Network restoration MJSVDW
after incident

Time

Services provided by generation units and network components

Necessary for TSOs to ensure supply/demand balance, fulfilling

network safety, security and availability N e e s

Mix of compulsory and competitive services (market)
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