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What is a market?

* People need certain products
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What is a market?

* A market is any structure that allows buyers and
sellers to exchange any type of goods, services
and information.

* Goods or services are exchange for money.

* Market participants consist of all the buyers and
sellers of a good who influence its price.

* The market facilitates trade and enables the
distribution and allocation of resources in a
society.

* Markets allow any tradable item to be evaluated
and priced.



Why is electricity different?

Product Stored Transportation Demand
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Electricity market

* We need to know the characteristics of the players:




Day-ahead electricity market

* We need to know the characteristics of the players:




Day-ahead electricity market

Day 1 Day 2
. I
H 12 a.m.
¢ Demand
4->p.m. Price
G3
Unit Cost Offers Demand | |
2| | |
G1 5 200@10 20b--------------- —_— i
G2 15 100@20 250 MW G1 | |
G3 25 100@30 |
250MW Power



Day-ahead electricity market

Day 1 Day 2
) 1
H12 a.m.
Demand
Price
G3
Minimize C" (pg)
PG G2 i
st. hP(pg) —1=0:\" 20 [ I
g° (pe) <0 G1

250MW Power
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Day-ahead electricity market

Day 1 Day 2
. |
12 a.m.
Demand
Price
G3
Demand = 250x20 = 5000% ! .
G1 = 20x200 = 4000% - i i
G2 = 20x50 = 1000% 20 - — i
G1 |
This is called marginal pricing ;
250MW Power
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Day-ahead electricity market

* What about the network?

Cammmu® T
@ v 250MW @ VY 250MW

Price Demand Price Demand

G3 G3

G2| G2
20 [ ; | '

Gl | i G1

‘Power Power
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Day-ahead electricity market

* What about the network?
What should be the price?

Bus 1 = 20 $/MWh

Bus 2 = 30 $/MWh
Demand = 250x30 = 7500%
G1 = 20x200 = 4000%

G2 = 20x25 = 500%
G3 = 30x25 = 750%

2250% extra!!

Price

Demand

G1

G2

‘Power
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Day-ahead electricity market

* What about the network?

Coammmn®
@ Y 250MW

Price Demand
G3
Minimize C" (pg)
pG750
st WP (pe,6%) —1=0: AP —
9° (pa,d°) <0 - |
iPower
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Day-ahead electricity market

Large and inflexible units

Predictable demand

Day-ahead electricity market

Generating unit schedules determined 24h ahead

Electricity price equal to the marginal cost

* Locational marginal prices if the network is
congested
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Day-ahead electricity market

120

100

umu/un3

a0

60

40

20

. Matching sale offers

10.000

Matching purchase offers

20.000

Sale offers

20.000

Purchase offers

20

Price Demand

G3

40.000
Energy

250MW

50.000

Power

60.000

70.000
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Day-ahead electricity market

09/11/2012 - Daily market hourly price
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Day-ahead electricity market

27/10/2012 - Daily market hourly price
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. Marginal price Spanish system . Marginal price Portuguese system Total Energy Iberian Market
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01-11-2012 E Resolution | 10 - 11 |=| currency ﬂ Capacities +—+ Flow +— Area Prices

Day-ahead electricity market

ITVC +—+ ITVC +—+

10-10-2012

Z Resolution 18-19 : Currency | EUR : [ Capacities +—* [ Flow +— Area Prices

ITVC +— ITVC +—

Elspot volumes

Elspot volumes

NO1
MNO2Z
NO3
MO
NOS
DKA1
DK2
SET
SE2
SE3
SE4
FI
EE
ELE
LT

Buy

52414
44059
24300
22185
17158
30832
17209
12706
1675,2

107322
31005
61126

3334
4764
9230

System price:

NO1
NO2
NO3
NO4
NOS
DK1

SE1
SE2
. SE3
Lulea SE4

EE
ELE

Buy

41411
38766
21340
18241
14199
24395
22804
12064
17094
105240
30684
64360
3157
3341
8186

System price

Helsinki
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Day-ahead electricity market

* What about the wind?

Price Demand
G3
Minimize C” (pa, pw)
pG.pw 0

s.t. hD (pG,pW, 60) o l =0: )\D 20 }-------------—-—-- 'G_Z__!

9" (pe,0") <0 I

pw < W G1

250MW Power
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Day-ahead electricity market

« What about the wind?

FIGURE 16: WIND FORECAST ERROR IN SPAIN

8000
SIPREOLICO
7000 REAL PRODUCTION
MARKET PROGRAM
E 6000 -2500 N\WI
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5
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TIME 02/11/2008

Wind cannot be predicted 24-36 hours ahead!!

How do we deal with wind forecast errors?

Nowadays: balancing market
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Balancing electricity market

Day 1 Day 2
) i
U 12 a.m.
Wind forecast = 30 MW
4-5 p.m. Price Demand
Unit | Cost Offers Demand
G3
W 0 30@0 | |
G2 |
20f------"-"------ S p— |
G1 5 200@10 . :
G2 | 15 100@20 | ' |
G3 | 25 | 100@30 _fwi . _Power
250MW
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Balancing electricity market

Day 1 Day 2
. |
le a.m. 3 p.m.
Wind forecast = 30 MW Wind power= 20 MW
4-5 p.m. Price Demand
DA Schedule
G3
Unit MW : :
w 30 G2 ! i
20f - T !
G1 200 : ;
G1 | :
G2 20 l
G3 - fw " Power
250MW
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Balancing electricity market

Day 1 Day 2
IIB p.m.
Wind power= 20 MW
4-5 p.m. Price Demand
DA Schedule Balancing market
G3
Unit MW UP DOWN | |
w 30 - - G2 |
20~ I E— !
G1 200 - : |
G1 | :
G2 20 10@25 : :
G3 | - | 20@35 fw " Power
250MW
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Balancing electricity market

Day 1 Day 2
IIB p.m.
Wind power= 20 MW
4-5 p.m. Price Demand
DA Schedule Balancing market
G3

Unit MW UP DOWN | |
w 30 - - G2 |

20~ T |
Gl | 200 : | ;
G2 20 i i
G3 | - | 20@35 fw " Power

250MW
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Balancing electricity market

Day 1 Day 2
IIB p.m.
Wind power= 20 MW
4-5 p.m.
DA Schedule Balancing market
Unit MW UP DOWN Minil;snize cB (Yoo )
Yot 100
W 30 - - St B (Yur, 00, 0%°) + Wy — pjyy = 0: A5,
G1 200 - 9" (Yoo, Oty D Wr) < 0
G2 20
G3 - 20@35
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Balancing electricity market

Day 1 Day 2

3 p.m.
Wind power= 20 MW

4-5 p.m.
DA Schedule
Unit MW
W 20
G1 200
G2 30
G3
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Balancing electricity market

* Let’s check the profits

4-5 p.m. @
“&MJ
Unit DA market B market Fuel cost Total mu“m
W 20x30=600 -25x10=-250 0 350 (20-0)x20=400
Gl | 20x200=4000 0 5x200=1000 | 3000 (20-5)x200=3000
G2 20x20=400 25x10=250 15x30=450 200 (20-15)x30=150
G3 0 0 0 0 0
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Balancing electricity market

* Let’s check the profits

4-5 p.m.
Unit DA market B market Fuel cost Total
W 20x30=600 -25x10=-250 0

G1 | 20x200=4000 0 5x200=1000 | 3000 (20-5)x200=3000

G2 20x20=400 25x10=250 15x30=450

G3 0 0 0 0 0

Wind producers are paying for forecast errors!!
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Balancing electricity market

Day 1 Day 2
IIB p.m.

Wind power= 40 MW

4-5 p.m. Price Demand
DA Schedule Balancing market
G3
Unit MW UP DOWN | |
w 30 - - G2 |
20 T !
Gl | 200 : - ;
G1 | :
G2 20 10@25 10@15 !
G3 - 20@35 - | | | Power
250MW
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Balancing electricity market

Day 1 Day 2
IIB p.m.
Wind power= 40 MW
4-5 p.m. Price Demand
DA Schedule Balancing market
G3
Unit MW UP DOWN | |
w 30 - - G2 |
20~ I E— !
G1 200 - - :
G1 | :
G2 20 10@25 : :
G3 | - | 20@35 . fw " Power
250MW
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Balancing electricity market

Day 1 Day 2

3 p.m.
Wind power= 40 MW

4-5 p.m.
DA Schedule
Unit MW
W 40
G1 200
G2 10
G3
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Balancing electricity market

* Let’s check the profits

4-5 p.m. @
“&MJ
Unit DA market B market Fuel cost Total mu“m
W 20x30=600 15x10=150 0 750 (20-0)x40=800
Gl [ 20x200=4000 0 5x200=1000 | 3000 (20-5)x200=3000
G2 20x20=400 -15x10=150 15x10=150 100 (20-15)x10=50
G3 0 0 0 0 0
L 20x250=5000 0 - 5000 20x250=5000
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Balancing electricity market

* Let’s check the profits

4-5 p.m.
Unit DA market B market Fuel cost Total
W 20x30=600 15x10=150 0

G1 | 20x200=4000 0 5x200=1000 | 3000 (20-5)x200=3000

G2 20x20=400 -15x10=150 15x10=150

G3 0 0 0 0 0

L 20x250=5000 0 - 5000 20x250=5000

Wind producers are paying for forecast errors!!



Balancing electricity market

* Is this fair?

* Is it necessary to clear the market 24-36h ahead?

o

J

. )
- | ﬁ%‘g
o~ Y,

- . R
27
\_ J

24-36h ahead Shorter horizon

¢ € @ P: Q‘.:l-f' # &

Low values of wind penetration!!
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Balancing electricity market

* What would happen if wind capacity increases?
* Wind forecast = 100 MW

4-5 p.m.
Unit | Cost Offers Demand
W 0 100@0
G1 5 200@10
250 MW
G2 15 100@20
G3 25 100@30

10

Price Demand
G3
G2 |
_______ G1 i i
250MW Power
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Ganaracién sslics / Damands (MW)

Balancing electricity market
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Balancing electricity market

* What would happen if wind capacity increases?
Day 1 Day 2

o I

L|12 a.m. Wind forecast = 100 MW

Price Demand
4-5 p.m.
DA Schedul

chedule G3
Unit MW i i
W 100 G2
G1 150
G1 ! :
G2 - 10f------- | |
s | - s e

250MW Power
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Balancing electricity market

* What would happen if wind capacity increases?
Day 1 Day 2
3 p.m. Wind power = 50 MWHI
Price Demand
4-5 p.m.
DA Schedule Regulating market
G3
Unit MW uP DOWN | |
W 100 - - G2
G1 150 -
G1 i i
G2 - 10@25 10f------- | :
G3 - 20@35
250MW Power
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Balancing electricity market

* What would happen if wind capacity increases?

Day 1 Day 2

3 p.m. Wind power = 50 MW

Price Demand
4-5 p.m.

DA Schedule Regulating market G3
Unit MW UP DOWN ! !
W 100 - - G2 |
G1 150 - | |
G1 i i
G2 - 10f------- . !
s | - s e

250MW Power
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Balancing electricity market

* What would happen if wind capacity increases?

Day 1 Day 2

3 p.m. Wind power = 50 MW

DA Schedule Regulating market | expected / up power
Unit MW UP DOWN

W 100 - - @

G1 150 -

G2 -

G3 -
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* What wou

Day 1

Day 2

Balancing electricity market

d happen if wind capacity increases?

4-5 p.m.
DA Schedule Regulating market
Unit MW UP DOWN
W 100 - -
G1 150 - -
G2 - 10@25 10@15
G3 - 20@35 20@25

10

Price

3 p.m. Wind power = 150 MW

)

Demand
G3
G2 |
_______ G1 i i
250MW Power

42



Balancing electricity market

* What would happen if wind capacity increases?
Day 1 Day 2

3 p.m. Wind power = 150 MWHI

4-5 p.m. Wind 50MW
higher than NenE g
DA Schedule Regulating market power
expected

Unit MW UP DOWN

W 100 - -

G1 150 - -

G2 - 10@25 10@15

G3 - 20@35 20@25
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Balancing electricity market

* Low wind power penetration

/

J

. )
) ﬁ%}‘g
__ ol Y,
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27
\_ J

24-36h ahead

¢ @ @

Shorter horizon

9:
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Balancing electricity market

* High wind power penetration

/ 24-36h ahead Shorter horizon

@ 9 9 9:

e>




Electricity market: basic concepts
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Outline

* Electricity markets: basic concepts

* Electricity markets & uncertainty

* Electricity markets & investment
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Market design solutions

* Coordination between day-ahead and balancing

Conventional MC Stochastic MC
Day-ahead dispatch Day-ahead dispatch
compute disregarding takes into account
balancing operation balancing operation

me o
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Market design solutions

* Coordination between day-ahead and balancing

Forecast=100 MW

Conv MC Wind(30%)=130 MW Stoc MC

Price Demand Price Demand

G3 G3

G2 G2

G1 G1

250MW Power 250MW Power



Market design solutions

* Coordination between day-ahead and balancing

Conv MC

Minimize CP° (pG, pw)
PG pw ,0°

s.t. AP (p(;,pw, (50) —1=0:\P
g° (T)Ga 50) <0
pw < W

|

Minimize C” (y,)

Yo .5wf

s.t. AP (ywr, O (50*) + W, —py =0 )\E,

gB (yw’ﬂ (Sw’: [J?}« I'I}Vw’) < 0

Stoc MC

Minimize cP (pe,pw) + E, [CB (yw)]

PG w0y, 00 Yw

s.t. hP (p(;,py,v,, (50) —1=0:AP
g° (pe,6°) <0
pw < W
W (Y, 00,6°) + W —pw =0, Yw € Q
9° (Yo, 8, Pas W) <0, Yw € Q

|

Minimize C” (y,/)

yw;.&w;
s.t. AP (ywr, Ous 50*) + W, —py =0: )\E,
gB (y.u’ﬂ 5@9’: p?}‘* VVL‘J’) < 0
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Market design solutions

Gs L, (90 MW)

|
100 MW | Bus 2
Bus 1

. @ @ - ‘H|gh (50 MW, 0.6)

Coordination between day-ahead and balancing

G G ‘LOW (10 MW, 0.4) Expens_ive Cheap_er thgn
but flexible  G1 but inflexible

Unit G1 G2 G3

Pmax (MW) 100 110 50

C ($/MWh) 35 30 10

C_up ($/MWh) 40 - -

C_do ($/MWh) 34 - -

P_up (MW) 20 0 0

P_do (MW) 40 0 0
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Market design solutions

* Coordination between day-ahead and balancing

Conv MC Stoc MC

Agent | Day-ahead

G1 0 .

Rest of the units
G2 66 dispatched following
G3 50 least-cost merit order
WP 34

Wind dispatched to its
expected production



Market design solutions

* Coordination between day-ahead and balancing

Conv MC
Agent | Day-ahead
G1 0
Rest of the units
G2 86 dispatched following
G3 50 least-cost merit order
WP 34

Wind dispatched to its
expected production

Stoc MC
Agent | Day-ahead
G1 40 :
G1 dispatched
G2 70 out-of-merit
G3 50
WP 10

Wind dispatched below
its expected production
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Market design solutions

* Coordination between day-ahead and balancing

Conv MC
Balancing
Agent | Day-ahead High | Low
G1 0
G2 86
G3 50
WP 34

Stoc MC
Balancing
Agent | Day-ahead High | Low
G1 40
G2 70
G3 50
WP 10
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Market design solutions

* Coordination between day-ahead and balancing

Conv MC

Balancing

Agent | Day-ahead High | Low
G1 0 0
G2 86 0
G3 50 0
WP 34 16

Stoc MC
Balancing
Agent | Day-ahead High | Low
G1 40
G2 70
G3 50
WP 10
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Market design solutions

* Coordination between day-ahead and balancing

Conv MC

Balancing

Agent | Day-ahead High | Low
G1 0 0
G2 86 0
G3 50 0
WP 34 16

Stoc MC
Balancing
Agent | Day-ahead High | Low
G1 40 -40
G2 70 0
G3 50 0
WP 10 0
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Market design solutions

* Coordination between day-ahead and balancing

Conv MC
Balancing
Agent | Day-ahead High | Low
G1 0 0 20
G2 86 0 0
G3 50 0 0
WP 34 16 0

Stoc MC
Balancing
Agent | Day-ahead High | Low
G1 40 -40 0
G2 70 0 0
G3 50 0 0
WP 10 0 0
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Market design solutions

* Coordination between day-ahead and balancing

Stoc MC
Balancing
Agent | Day-ahead High | Low
G1 40 -40 0
G2 70 0 0
G3 50 0 0
WP 10 0 0

Conv MC
Balancing
Agent | Day-ahead High | Low
G1 0 0 20
G2 86 0 0
G3 50 0 0
WP 34 16 0
Day-ahead cost 3080
Balancing cost 320
Load curtailment 320
Total 3720

||Day-ahead cost | 4000

Balancing cost -816
Load curtailment 0
Total 3184
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Market design solutions

* Coordination between day-ahead and balancing

Conv MC
Per-scenario
Agent | Expected High | Low
G1 1320 0 3300
G2 0 0 0
G3 1000 1000 | 1000
WP -900 1020 | -3780

Stoc MC
Per-scenario
Agent | Expected High | Low
G1 24 174 | -200
G2 0 0 0
G3 1000 1000 | 1000
WP 916 1326 | 300

Higher profit of wind producers under Stoc MC

Flexible units may incur losses under Stoc MC
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Market design solutions

* Coordination between day-ahead and balancing

Conv MC Stoc MC
()

- DA dispatch: cheaper go first - DA dispatch: out of merit-order
- Balancing operation not included - Balancing operation included

- Minimizes day-ahead cost - Minimizes total cost

- Higher imbalance cost - Reduces imbalance cost

- All units obtain profits - Flexible units may incur losses
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Outline

* Electricity markets: basic concepts

* Electricity markets & uncertainty

* Electricity markets & investment
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Expansion of stochastic units

Power producer

(

Decide new units

Maximize profit

CapaC|t|es
& location

2 |

Dlspatch
& prlces

Market operator

Ve

(&

Decide dispatch

Minimize total cost

~

J
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Expansion of stochastic units

Maximize II" (pg, A”) — C' (p&™")

PG
st i (ph™) <0

e § e

Market operator

\

[Mm c® (pa)

pa,0Y

s.t. AP (p(;,(?o) —1=0:\P
9 (pe, 8", pE™) <0

\

J

Maximize " (p(;, )\D) ~ ! (™

pg*
st. i(pe™) <0

Miy " (po)
(pf?u)‘n) cargqy st. AKP (p(;,ﬁn) —1=0:X"

l g° (pe.8".p§™) <0 J

Solve replacing lower-level
problem by its KKT conditions
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Power producer

(

Decide new units

Maximize profit

\

CapaC|t|es
& location

=] fv

Dispatch
& prlces

Market operator

Ve

(&

Decide dispatch

Minimize total cost

~

J

Power producer

Decide new units

Maximize profit

CapaC|t|es
& location

=] fe

Dispatch
& prlces

Market operator

/

\

Decide dispatch

Minimize total cost

\

J
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CapaC|t|es
& location

Expansion

Power producer
4 N
Decide new units
Maximize profit
Dlspatch
& prlces
Market operator
4 )
Decide dispatch
Minimize total cost
- J

Power producer

(

Decide new units

Maximize profit

CapaC|t|es
& location

R

Dispatch
& prices
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Expansion of stochastic units

Low wind High wind
Cheap balancing Expensive balancing

Bus 1 Bus 2

Where would you locate new wind generating units?

What about wind forecast errors?

We need to model both day-ahead and balancing markets

Will the coordination between DA-B affect investment?
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Expansion of stochastic units

Investment Investment
under Conv MC under Stoc MC
D /
Power producer Power producer
4 N 4 N

Decide new units Decide new units

Maximize profit Maximize profit
Capacmes D|spatch Capacmes Dlspatch
& location & pnces & location & pr|Ces

Market operator Market operator

4 ®

/ |
- J
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Expansion of stochastic units

Investment
under Conv MC

Bilevel model

-
Maximize profit

Investment constraints

Market operator

4 | A
. J

Investment
under Stoc MC

Bilevel model

e

Maximize profit

Investment constraints

Market operator

0\ h
)
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Expansion of stochastic units

P;:ax: Cgl
Bus1

nq

0.13

0.09

0.06

0.02

0 0.2 0.4 0.6 0.8 1
Wind power (p.u.)

Capacity factor = 0.39

¢ Conv MC

200

180

160

140 -

120 -

100

80

60

Wind investment capacity (MW)

401

20

max
PQ:; ’ Cg;;

Bus2

Mo
0.09
< 0.07
Fma.?:
L1 Mo
Lnl Ln;; 0.05
pmaz C pmaz,u Cu Pmaz,d Cd 0.03
9 g 9 g g g g
g1 400 20 - - - ot
0 0.2 0.4 0.6 0.8 1
92 400 30 50 3 50 29 Wind power )(]yn.}
g, 600 22 - - - _

Wind investment capacity (MW)

Capacity factor = 0.49
Stoc MC

o~
0

Rl

200

180

160 -

140 -

120 -

100 -

80

60

401

20+ I Eus 1
[_JBus2
0 T 11
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Expansion of stochastic units

P;:ax; Cgl
Bus1

0.13

ny

0.09

0.06

0.02

0 0.2 0.4 0.6 0.8 1
Wind power (p.u.)

Capacity factor = 0.39

22

20

18

16

14

12

Demand covered by wind (%)

10

AV

max
PQQ ? 092

P_(,T;?ax? CQ:;
Bus2

Fma'_r:

L1 Mo

Mo
0.09

0.07
Ln2 0.05

0.03

0.01

0 0.2 0.4 0.6 0.8 1
Wind power (p.u.)

Capacity factor = 0.49

StocMC

= = = ConvMC

N a0
2 20 s 1
- [JBus2
\ B
X

0.1

0.2

0.3

0.4
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ts

IC uni

Expansion of stochast
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Thanks for your attention!
Questions?

po.

2
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