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SOME	DEFINITIONS	
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Voltage (U) Analog to pressure Volt 
Current (I) Analog to flow Ampère 
Power (P) P = U x I Watt 
Energy (E) E = P x time Watt h (Wh) 
Frequency (f) For alternating Hertz (s-1) 

Quality of electricity: 

• Continuity (no short/long power cuts) 

• Voltage (level, flickering, brownouts, transcient 

overvoltage, harmonics, imbalance between phases, 

frequency) 



SPECIFICITY	OF	ELECTRICITY	AS	A	COMMODITY	

•  Electricity	cannot	be	stored	/	Real	Time	genera=on	/	storage	
capacity	limited	and/or	very	expensive	

•  Demand:	variable	

•  Prices:	Vola=le	
•  Natural	monopolies	(e.g.	networks)	

•  Many	technical	complexi=es	:	difficul=es	to	control	load	flows,	
interac=ons	genera=on/transmission	(network	conges=ons,	
blackout	risks)	

•  Economic	dispatch	of	produc=on	means	based	on	increasing	
variable	costs		

•  Marginal	produc=on	cost	of	electricity	INCREASES	with	volume	

•  A	KWh	is	more	expensive	during	a	peak	in	load	
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Marine Energy 
Wind Energy 

Hydropower 
Fossil-fired power 

Geothermal 
Trading 

Solar Power 

Transmission 

Distribution 

Engineering 

Nuclear Energy Products and Services 

Source:	EDF	

WHAT	IS	A	POWER	SYSTEM	?	
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STAKEHOLDERS	
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Electricity Producers 

Energy imports Energy exports 

TSO 

DSO 

Industries 

Small companies 

Residential 

National Regulation Authority 

Insurers 

National scale planners Investors 
Policy makers 

Source:	RTE	
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SUPPLY	CHAIN	IN	A	COMPETITIVE	MARKET	
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Poli<cal	Authority	Na<onal	Sector	Regulator	
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Other	
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THE	EUROPEAN	SYSTEM:	SYNCHRONOUS	ZONES	
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•  Networks	connec=on	è	pooling	and	mutual	help	
•  Interconnec=ons	 è	 physical	 bridges	 between	 networks	 &	

economic	bridges	between	markets	



THE	EUROPEAN	SYSTEM:	TSOS	
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No+ce	France		is	at	the	heart	of	
the	system	since	it	connects	3	
electric	peninsulas.		

Transpower 

Amprion 

EnBW 
Transportnetze  

50Hertz 

APG 

PTW 

VK 

NGT 

SONI 
Energinet 

RTE 

Statnett 
SVK 

Fingrid 

REE 

ESB 

TERNA 

Elia 

TenneT 

REN 

SwissGrid 

  
Nov 09 : 
same owner 

 March 10 : 
same owner 



POWER	EXCHANGES	IN	EUROPE	
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ELECTRICITY	MARKETS	IN	THE	USA	
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DOMINANT	MARKET	DESIGN	IN	EUROPE	
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OTC and PX 

Day ahead 
Market 
“Spot” 

Intra-day 
Market 

Balancing 
Market 

OTC 
and PX 

OTC 
(and PX) TSO 

  

Forward and Futures 
Markets 

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

ahead 

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



HOW	PRICES	ARE	DETERMINED	ON	THE	WHOLESALE	MARKET	
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TYPICAL	SUPPLY	/	DEMAND	CURVE	
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SUPPLY	/	DEMAND	BALANCE	
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FREQUENCY	ADJUSTMENT	

Summer	Course	on	Climate	&	Energy	
4-7	JULY	2016,	NORWICH,	UK	 19	

-400
-300
-200
-100
0

100
200
300
400

0 10 20 30 40 50 60 70 80

Volt

période = 20 ms

50 Hz or 60 
Hz 

Frequency	is	the	electrical	consequence	of	
synchronous	alternators’	rota<on	speed	

In	permanent	regimes,	alternators	run	
at	the	same	speed	CeCm

dt
dJ i

i −=
Ω

Engine	Torque	
(turbine)	

Resis=ng	torque	
(network)	

Change	in	
Rota=on	speed	

Frequency	is	uniform	on	an	
interconnected	network	



FREQUENCY	REFLECTS	SYPPLY/DEMAND	BALANCE	
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CeCm
dt
dJ i

i −=
Ω

0Hz/s	
-1Hz/s	+1Hz/s	

df	/dt	>0	 df	/dt<0	

Consump<on	Produc<on	

Ppmax	

Pp	 Pc	

Pcmax	

Ce	>	Cm,	alternators	release	kine=c	
energy:	f	decreases	

Cm	>	Ce,	alternators	stock	
kine=c	energy	:	f	increases	



FREQUENCY	PERTURBATION:	SEVERAL	ORIGINS	
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Small	perturba<ons	
§  Fluctua=ons	in	demand:	imperfect	forecast	

§  Fluctua=ons	in	supply:	
Ø  Impossible	to	control	perfectly	
Ø  VARIABLE	GENERATION:	WIND	&	SOLAR	

Large	perturba<ons	
§  Loss	of	produc=on	unit	
§  Loss	of	interconnec=on	line	in	peninsulas	

	 Genera<on	unit	loss	 Demand	reduc<on	

è	Need	RESERVES	in	genera<on	and	FLEXIBILITY	in	demand	



SUPPLY/DEMAND	BALANCE	OPTIMIZATION	

Op=misa=on	with	the	market	means:	
o decision-making	to	op=mise	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	
arbitra=on,	hedging…)	and	the	(physical)	balance	of	the	perimeter	
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A	PORTFOLIO	EXPOSED	TO	RISK	IN	VOLUME	AND	PRICE	
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Supply	Levers	 Demand	Levers	
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fuels,	CO2	emissions	quotas	and	

market	purchases/sales	

Managing	hydro	and	
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Genera=on	adjustment	
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Measuring	risk	associated	with	
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volume	uncertain=es	
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Global	S/D		
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IMPACTS	OF	INCREASING	VARIABLE	GENERATION	
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ADDING	A	LOT	OF	RE	INCREASES	THE	COMPLEXITY	
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INTEGRATED	APPROACH	FOR	THE	TECHNICAL	&	ECONOMICAL	
ANALYSIS	OF	HIGH	RES	SCENARIOS	IN	EUROPE	
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Loca=on	of	VG	
Hourly	load	factors	(or	

lower	resolu=on)	

VG	forecast	errors	

Flex	
Assessment	

CONTINENTAL	
Model	

Reserves	and	flexibility	
adequacy	

Economic	
analysis	

Dynamic	simula<on	
plaform	

Market	prices	and	
genera<on	costs	

Genera<on	load	factors	

Interconec<on	load	
factors	

Genera<on	mix	

Frequency	stability	

VG	curtailment	

Plant	revenues		

Investment	/	hourly	dispatch	

Investment	loop	

Representa<on	of		VG	

Demand	=me	series	
Investment	costs	

Genera=on	dynamic	
constraints	

Fuels	costs	

CO2	price	
Network	transfer	

capaci=es	

Input	data		

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. 



GEOGRAPHICAL	DIVERSITY	DOES	HELP,	BUT	THERE	IS	STILL	
SIGNIFICANT	VARIABILITY	AT	EUROPEAN	LEVEL	
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different	geographical	areas

Lo
ad
	fa
ct
or

Day

France Brittany Farm

-

50   

100   

150   

200   

250   

0 30 60 90 120 150 180 210 240 270 300 330 360

Onshore	wind	daily	average	generation
30	climatic	years

JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC

3
0
%

1
5
%

Average	difference	
of	daily	generation:

90	GW

Average load	factor	:	25%

Installed power :	
280	GW

Summer

Winter

Source	RTE	

You	can	reduce	the	variability	of	wind	and	PV	at	local	level	but	the	
correla<on	in	wind	regimes	acts	as	a	limit	at	con<nental	level	



FLEXIBILITY	MARGINS	NEED	TO	INCREASE	DUE	TO	VARIABLE	
GENERATION	(AND	ITS	FORECAST	ERRORS)	
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Morning	peak	Low	
dispersion	

The	opera<on	margin	profile	changes	and	in	the	future	cri<cal	periods	are	no	longer	driven	by	
demand	paierns	=>	need	for	dynamic	calcula<on	of	flexibility	margins	and	reserve	requirements	

Disperson	

è For	large	penetra<on	of	wind	and	PV	genera<on:	
Ø  variability	and	uncertainty	have	significant	impact	
Ø  short	term	opera<on	needs	to	be	considered	at	planning	stage	



SUMMARY	

ü  Power	systems:	Complex	&	Interconnected	

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

Makings	

ü  Variable	Genera<on	large	scale	integra<on	increases	need	for	
flexibility,	and	improved	meteorological	informa<on	

ü  New	power	systems	paradigms	are	necessary	

ü Meteorology	(Weather	&	Climate)	is	key	to	the	energy	

sector	!	
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Thank	you	for	your	aAen+on	
	
	

Ques+ons	?	

Contact: 
 
laurent.dubus@edf.fr 
 
EDF R&D 
Expert Researcher 
Fluid Dynamics, Energies and Environment Department 
Applied Meteorology and Atmospheric Environment Group 
6 Quai Watier - BP 49 
78401 CHATOU CEDEX 
FRANCE 



Price	forma<on	
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• Prices	are	based	on	the	offer/demand	law	

• 	Daily	market:	auc=on	organized	by	the	power	exchange	to	set	the	price	of	each	
of	the	24	hours	of	the	next	day	

	

• 	Forward	market:	con=nuous	quota=on	analog	to	stock	market	
• 	Year-ahead	products	on	16/6/2015	:	

• 	year	2016	base	38,20	€/MWh,	peak	46,38	€/MWh	
• 	year	2017	base	38,37	€/MWh,	peak	46,25	€/MWh	
• 	year	2018	base	38,52	€/MWh,	peak	46,50	€/MWh	

Average	08-20	:	
Peak	load	price	

Average	00-24	:	
Baseload	price	

Source	:	www.eex.com	



3	types	of	frequency	adjustment	
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Primary		
Adjustment	

Produc=on	unit	

P0		

Pmin		

Pmax		

Downward	margin	

Upward	margin	

	1-	Ensure	supply/demand	balance	and	
frequency	around	50	Hz	

2-	Manage	exchanges	with	neighboring	
countries	et	bring	frequency	to	50	Hz	

3-	Restore	primary	&	secondary	reserves	by	re-
op=mizing	the	economic	use	of	the	mix	

Secondary		
Adjustment	

Ter<ary	
Adjustment	

Produc=on	units	that	contribute	to	
adjustments	modify	their	produc=on	to	
adjust	the	frequency	and	the	global	
(na=onal)	supply/demand	balance	



How	it	works:	France	
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<me	

f/P	secondary	

RTE	
Producer	

Signal	
f/P	primary	

f/P	ter=ary	

P	

Operator	Instruc=ons	
<me	

Primary	adjustment	only	

f0	
f1	 Sta<c	error	

Frequency	

f0	
f1	

Frequency	

Primary	&	secondary	adjustment	

30	min	

Volume	

Dynamics	

Area	

Func=on	

Ac=va=on	
mode	

1000	
MW	

Ter<ary	

Manual	

Restore	Primary	
&	secondary	
reserves	&	re-
op=mize	

Na=onal	level	

[500-…]	

Fast		
2	min	

normal	
13	min	

Secondary	

Na=onal	mutual	
level	

Back	to	f=50	Hz	
and	restore	
interconnexion	
exchanges	

Automa=c	

[500-1100]	MW	
50%	in	
15	s	

100%	in	
30	s	

Primary	

UCTE,	global,	
mutual	

Maintain	
frequency	
stability	

Automa=c	

~	660	MW	

1500	MW	
in	30	min	

~2000	
MW	



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.  
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System	services	
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Frequency	primary	
adjustment	

Frequency	secondary	
adjustment	

Time	
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0	

Slow	
devia=ons,	
«	trends	»	

Fast	devia=ons,	
«	vola=le	»	

Incidents	

	
Services	provided	by	genera=on	units	and	network	components	
	
Necessary	for	TSOs	to	ensure	supply/demand	balance,	fulfilling	
network	safety,	security	and	availability	
	
Mix	of	compulsory	and	compe==ve	services	(market)	
	

Voltage	primary	
adjustment	

Voltage	secondary	
adjustment	

Network	restora=on	
auer	incident	


