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Resarch Group REDES

Research subjects. REDES.

 Transmission grid cost allocation methods.
 Modelling of uncertainty of wind power prediction.

|r e Stochastic power flows with high penetration of win d power.

: « Trading modelling. Optimal bidding strategies for wind farms

: considering uncertainties. ANEMOS.PLUS
|
|

e Hydro-wind coordination with storage. Stochastic
optimization tools to set the optimal day-ahead sch eduling.

e Optimization of Wind Dispatching Centres operation
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Resarch Group REDES

Presentation index

e Introduction. Short term wind power prediction.

« Participation of wind energy in the electricity
markets.

 Hydro wind coordination.

« Optimization of Wind Dispatching Centres
operation.
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Outline of a short term prediction program

————— » Downscaling «—— Numerical weather prediction

| Real time
| Wind farm i | measurements .
database .o T
Output processing
v 1 Report 1
P el . Upscaling > Report 2
algorithm R !
Report N

y

Data storage

—
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How predictions are done

Wind farm P-v curve
e Changes with time.
P » Depends on wind direction.

» Depends on changing meteorological
variables

\g.
[<] [<]

o

Predicte
d power

Wind forecast
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Short term wind power prediction.
SIPREOLICO. REE-UC3M

Real time data

Numerical weathe
predictions
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Resarch Group REDES

Main features

« Working in REE since 2002.
« Runs on MATLAB in a PC. Statistical model.
e Inputs:

— Predictions of wind speed and direction from Nation al Weather
Service.

— Database of wind farms
— Real time measures of the 85% of the Spanish wind p  roduction.
e Output:

— Predictions of hourly average production of all Spa nish
peninsular wind farms (more than 14000 MW).

— Issued each 15 min.
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Prediction and accuracy

«) SIPREOLICO

Archiva. Herramientas  Ayuda

cuartohorario
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Resarch Group REDES

Uncertainty of prediction.

* Important to fully apply the capabilities of short
term wind power prediction.

e Under study.

e Depends on:
— Wind farm characteristics.
— Time delay between prediction and real time
— Level of production.
— Correlation between wind farms.
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Uncertalnty of predlctlon PDFs
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Increasing variance with time
horizon
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Resarch Group REDES

Presentation index

* Introduction. Short term wind power prediction

« Participation of wind energy in the electricity
markets.

 Hydro wind coordination.

e Optimization of Wind Dispatching Centres
operation.
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Market participation of wind energy

* Bids presented to the daily market.
« Updated in the intradaily market

Revenue = Daily market + Exchanges in the intradail y market + Cost of deviation

Cost of deviation = -Sell price x deviation Pgen > Pdeclared
Buy price x deviation Pgen < Pdeclared

Buy price > Marginal price > Sell price U|
DAY D-1 DAY D

11112113141 15| 16| 17| 18|19]|20|21|22|24] 1|1 2| 3| 4|56 7]8| 9]10|11]12]13]14|15]|16])17]18]19]20]|21]|22]|23]24

Daily X 13 16| 17 201 21 24|25 28] 29 32| 33 36
10| 10] 10} 10

ID1 X 3 6|14 14| 14| 14
D2 X 3 6 |18] 18] 18| 18
ID3 X 3 6 | 22| 22| 22| 22
D4 X 3 6| 26] 26| 26| 26
ID5 X 3 6 ]30] 30|30} 30
ID6 X 3 6
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Example of revenues

16,00
14,00 —
S 12,00 P
Total time of study: 3 months = 10,00 /'//‘///- —e—MD
. = — = MID
Capacity factor: 44.5% X 8,00
Rated power: 15MW E 00— — A MIb+TD
ated p ' S —s_ MID-MD
6 ID markets of 4 hours. g 4,00 (
© 2,00 //
0,00 T T T T T
20 25 30 35 40 45 50
Penalty (YMP)
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Prices In the Spanish market.

Prices January-March 2003. Spanish electricity mark  et. MD-MID
1: * 30,000
20,000 A
t 4
14t - R < 10,000 g
I ; % 0,000
E -10,000 4
4 -20,000 -
e NN NNNNENNNNEEEENNNRRNEENEENNE -30,000
Average price: 2.3235 c€/kWh Mean: -0,342 €/MWh  Std. dev: 7,254 €/MWh
Av. Penalty
€/MWh Volat] S 0,4
2003 23,54 45,890,943 0,914 0,886 0,3
{ 2005 48,11 36, d 0,941 0,911 0,882 0,852

/ 2005(2)| 54,53 29,2%
Different prices series in 2005
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Premiums included. Spanish market.

ENERGY

Energy Policy 35 (20407) 5051-5049

Analysis of a wind farm’s revenue in the British and Spanish markets

. & I : .
Jorge L. Anganta-Mdrquez®”, Carlos A. Hernandez-Aramburo”, Julio Usaola-Garcia®

*Netwark and Electrizal Energy Sysiems Group (REDES) at Unive rsided Carlas 1Y de Madvid, 29088 Legames Madvid Spain

I ¥ ) a
Control and Pawer Systems Group a Smperial College of Landan, SW7 28T Lawdon, UK

o Cost of imbalance: 26.6% of MP
* Incentives considered (year 2004)

ICsp = (EtaCt)DHref E(y"' ¢)

t=T
=1

t

=3 [
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Spain. New Incentive system.

Price (€E/MWh) l
84,944 oo i> ------------ R REEEEL LRt Cap.

| i

i I :

i :

: ' !
71,275 f---- '-------------L---------------------------T ------------ O S—— Min price

Market price
Wind price

Premium (29,9291 €/ MWh the
first 20 years, O afterwards)

F o m = —
O X

Case

NG Y PO
w

DN |eeacanmana
a1

NB: figures for 2007
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Imbalance cost. New Spanish rules.

SYSTEM
Programmed generation > real demand

Vs

Overgeneration = min(PMD,PEB)

Undergeneration = PMD

SYSTEM
Programmed generation < real demand

[IMBALANCE } ( }

4 N
Overgeneration = PMD
- J
4 N
Undergeneration = max(PMD,PES)
& J
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Premiums Iincluded. UK market

Revenues TP =16, +OIM +IC

t=T
— traded ref

t=1

=T
oal OIMy, = E, O E, >0 A" =ssp,
Imbalances t=1 en _
E = Eact _ [ traded E, <0 A™ =sbp,
t t t

t=T
Premium ICy = D Ef OIF°
t=1
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Data

Wind power production: 3rd of January 2003 and 29th March 2003
Market data: 3rd of January 2006 and 29th March 2006

Tahle 2
ROC income and total revenue for different ROC prices
ROCs price ROC income Total revenue {TF) (€]
(€/MWh) (IC) E)

forecasting persistence
47.15 6450 11495212 1195744
54 TR 1267562 12 KRR
GLTS L5 I ] 137941 2 13044
[it] YLESIMD 1472262 1472704
T4.25 11 5E5D 1 5661 2 1565144
Bl 1 1{1E 2D 1656402 16574594
BT 12K 174931 2 17 49H44
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Results for Spain

; : Revenue of a WGENCO in Spain
Revenuae of a WGENCD in Spain

110
105 }Fa-u charge (Cl)
Incantive (IC) 01
. 431 TR o
@ 83 4 E s Incentive (IC)
s 8 T0-
2 65 4 : B B 2
% © Power charge (C1) 50 ﬂ"'ﬂ'lﬁdlﬂ]l' avanus {10}
g 45 1 .%
@ &
E :_Glﬂ'ﬂ'lﬁﬂﬂ a0 | Beneration income (1G]
@ 25 4 Ineome (H3) g
o
o
o | 10 J
4.5 o L. Panalty {QIM} }Fnun-_r ({ull ]
loresmating - ' 10
A8 -10 -
Fig. 3. Revenue fora WGENCO m ihe Spansh market considering offers Fig. 4. Revenue for o WGEMC(HN the Spanish market considering offers
omnly in the daily market. in the daily and intra-daily markets.
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Results for UK

Revenue for a WGENCO In UK

s f———— e Y 14 Revenue for a wind generator
88 |- ZANE, = 1.2E+08 e
= ! i m;m Ince
5 6 10E+08 1 732370 | (rags) 496233 |Ince
E 2 ¥ 8.0E+05
€
E o g GOEDS |- 42864 Renally (85P) .
rmrton e
s et i34 = AOE+D5 e
u' 565070 |
2.0E+05
5 14
et 0.0E+00 +—_ 58640 Fanalty TSBF
n nos < snalty |SE
'55 H K-persistence [€] Spar
2 0E+08 - B TR R

Fig. 5. Hevenue for a WGEMNC( in the British market.
Fig. 6. Revenue comparison hetween the British and Spanizh cases.
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Wind power bids considering uncertainty.

Expected penalty for different declared value

025 030 035 040 045 05 055 060 065 070

Generation declared [p.u.]

Wind power Optimal bid
predICtlon mlitx Z_;l{ (Plast’ gen J)Ep( gen J‘Ppred At))}
Uncertainty
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Example. Data and assumptions

e Data: e Strategy:
— Wind power production — Bids presented to the daily
data from a wind farm of 14 market
MW. — Bids updated in the 1'
— Predictions generated by intraday market
SIPREOLICO. .

Different assumptions:

- U”‘;?”‘?‘i”ty of these — OPTIMAL: Uncertainties.
pr? Ictions. | — BEST PREDICTION: Most
— Prices from the Spanish accurate.
electricity market — NO INTRADAY: No
updating
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Predictions’ uncertainty. Example. Overall results

BP/SP=1.5/0.5 BEST PREDICTION )| NO INTRADAY
Maximum revenue <Y
Revenues (€) 290 112 280 500 269 046
Error (MW) -0.3661 @ 0.1619
Minimum error <=

Absolute error(MW) 1.8722 1.4132 2.0198
Buy/Sell prices 1.5/0.5 1/1 0.5/1.5
Optimal 290112 | 348 834 | 467 178
Best prediction 280500 | 311 751 | 343002
No intraday 269 046 | 313039 | 357 032

Different Buy/sell prices
Departamento de Ingenieria Eléctrica/Power Engineering Department 25
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Example. Overall results

1200

. ' i ! 5 ; !
: : s i *  opt-best : i : :
oo la ] N VRO S A Lol 9 optnointrdy

optimal

Al L S .............. - ¢ best
; ; : N nointrdy

goa

500

400

Revenues (Eurag)

200 Few sy

Power errar (YY)

-200

~A0n | I | | | 10 | I 1 i 1
0 10 20 30 40 50 &0 70 g0 a0 93 100 105 110 115 120
Days Haurs

Difference between revenues Power error
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Sources of uncertainty

* Wind power predictions.
| Uncertainty of prices.
| Uncertainty of deviations’ cost.

Work in progress...
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Risk analysis.

Representacion grafica de los conceptos de riesgo

<
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Risk analysis. Results. Summary

Period of 44 days

maximum penalty | real penalty |
min VaR 0,958 224,729
min CVaR 0,668 527,777
min variance 0,615 366,374
min mean value Q02,22?2
/e
Maximum hourly penalty p.u. Minimum accumulated
penalty p.u.
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Presentation index

* Introduction. Short term wind power prediction

« Participation of wind energy in the electricity
markets.

e Hydro wind coordination.

e Optimization of Wind Dispatching Centres
operation.
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Hidro-wind bids to the electricity markets

Expected penalty for different declared value
09
08
IO'
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Wind power prediction
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Uncertainty
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Strategies considered

e Optimal joint operation: hydro and wind bid
separately, and hydro covers wind deviations, if
profitable.

o Optimal joint bid: hydro and wind generation
present an update to a previous bid.
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Hydro model. Optimization problem.

* ODbjective function: maximum revenue (with water
price)

e Constraints:
— Maximum and minimum volume.
— Water discharge along the period.
— Water balance.
— Logical constraints.

* Piecewise linear performance curve for the hydro
unit.
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Hydro model. Example.

Embalse 3 35 _ ... Precio horario considerado S o \
Embalse 1 Embalse 2 Central 3 Embalse 4 Embalse 5 I I
Central 1 Central 2 Central 4 Central 5 : :
i — D— P Wi n
<
Embalse 6 >
~
Central 6 .("_J. ‘ : .
Q l l :
' S | | )
Embclse 7 g e
o l l l l l l l I
Central ‘O I I I I I I I '
2 l l l l l l l I
o 5+ l l l l l l l :
Embalse 8 D ror
Central 8 1 3 5 7 9 11 13 15 17 19 21 23
Tiempo [horas]

Data from: “Self Scheduling of Hydro Producer in a Pool-Based Electricity Marked”, |IEEE
Transactions on power systems, Vol. 17, No.4, November 2002.
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Hydro model. Optimization problem.

t=T (i=l )
IHE = {Z (/]t -phy; —ca;-y,; )> Objective functions
t=1 (i=1 )

BHE :tzT {i{/\t [Py —Cay LYy "'Qi}> Q :i{%ﬁj } oL ue

=L =L
K =Xy *We #M 33 g+ [-M oy 45, ] TEOL T0OT gome constraints...
j0Qi 1=1 I=1

=L .
min {gi,gfft“ }s Suy, < max[ UiUir ] i 01, 0tOT, 01 0L
1=1

Xo4j = Xobj,| L1
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. Results.

Example
Problem solved using Matlab/Gams/Cplex

Results for

Hydro model

Water volume.

Water future shade price.
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Resarch Group REDES

Optimal hydro wind operation. Assumptions.

 Hydro and wind have prepared bids to the market
separatedly.

e Hydro units try to minimize deviations from wind,
only if profitable for both. Future water price is
taken into account.

« Decision is taken short time before operation (1
hour): wind production is known accurately.

 Routines programed in GAMS. Moderate size of the
problem.
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Optimal hydro wind operation. Problem

settings.
max 10_HE, ={IH, +IE, -P,}

IH, = Z[}lt (bh,, +Q Hydro revenues

icl

IE, = pe,-A Wind revenues

\

P = ‘Rt‘ Y,

R, = Ii{ph .}+ pe —ii{php.mg} pe >
togir Lo ‘ Penalties
¢t :¢t,undergeneration If I:\>t < O
wt :wt,overgeneracion If I:\>t 2 O /
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Optimal hydro wind operation. Results

« Benefits from joint operation: reduction between
25% and 45% of the deviation cost.

e Sometimes hydro cannot change its production:
— Maximum hydro production and wind undergeneration
— Minimum (zero) production and wind overgeneration
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Hydro wind operation. Results

Problem solved using Gams/Cplex.

wt,overgen = ,70V6I’ [/112

1 Hydro generation scheduled
3 09 T - ait ¢t,undergen - l7under [At
S 08 RIRIEIR iR
% 8,; : : : : : : ”over - ”under = O’l
: T i Generation imbalance
g 03 BIRIRIR ] over under
§ o 1 1 ] Q[ Base case [MWh] 35,72 39,69
o gupdn - HHHA Joint operation [MWh] 29,71 34,98
1234567 8 9101112131415161718192021222324 RedUCtiOn [MWh] 6’01 4’72
Time (haurs] Reduction [%)] 16,83 11,88

Power imbalances [MW]

hi h2 h3 h4 h5 h6  h? h8 h9 m,h’zl'\ h12
2,177

Wind generation 4,082 7,448 -0,374 3,098] 2,334 5,123| 1,533] 0,440 | 0,475 1,045} -0,058
Joint operation 4,082 | 7,448 -0,372 3,098| 2,339 5,123 1,533] 0,440 0,475\ 0,000/ \ 0,000/ -0,058
h13 h14 hi5 h16 h17 h18 hil9 h20 h21 h23” 24
Wind generation -0,101 ) [-1,364]|] 2,566| -0,987 2,609 -0,664 -8,071 -14,699 -2,112A( 2,789 -8,021](-3,251
Joint operation 0,000/ \0,000f 2,566 -0,982 2,608 -0,664 -8,071 -14,699 -2,112\ 0,000/] -8,021| \0,000
p——g p——g p——g g
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Hydro-wind joint bids. Optimization problem

e Joint bid of hydro and wind generation.
o Stochastic optimization problem. Great dimension.

e Maximization of revenues. Takes into account wind
prediction uncertainty.

 Programed in GAMS.

e Results:

— The deviations are smaller if their cost is high.
— Results are better than with deterministic optimizatio n.
— Benefits depend on the deviation price
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Hydro-wind joint bids. Optimization problem

W=Nt=T

max IEP_HE=Y > p,{IEH,, +IE, P} Objective function

w=lt=1

=1
=L |
Phw =D Uiwe, Oi0LOtOT,Ow ON Constraints
=1
Yiyw ~Ztiw = Heiw ~ Mr-tjw i O1,Ct OT,Ow ON
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Optimal hydro-wind bid. Example

PDF Expected imbalance
Time 1 2 3 |Expectad value (MW) | undergeneration|overgeneration

power(MW) | 230 ] 200 | 190

hour 1 probab. 0310502 207 6,90 6,90
power(MW) | 250 | 235 | 220

hour 2 orobab, 041031023 236,5 5,40 5,40
power(MW) | 230 | 220 ] 200

hour 3 probab. 02 1045]035 215 5,25 525
MW)| 210 | 190 | 175

hour 4 RoWer( 196 6,30 6,30
probab. 0,45]0,35] 0,2
power(MW)] 190 | 180 | 170

hour 5 orobab, 0510401 184 3,00 3,00

TOTAL 1038,5 26,85 26,85

53,70

» A period of 5 hours and three scenarios, i.e. 245 total scenarios.
* Wind farm of 250 MW.

Departamento de Ingenieria Eléctrica/Power Engineering Department
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Optimal hydro-wind bid. Example. Results

l/’t,undergeneration — ,7 [At wt,overgeneration = ,7 [At

Penalty o[ 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1

Overgeneration (MW) - 2 2 2 2 2 2 0 0 0 0

'® |Undergeneration (MW) |- 8 0 0 0 0 0 0 0 0 0

%_ Overgenerationcost (€) |- | 9,6 19,2 28,8 38,4 48 57,6 0 0 0 0

O |Undergeneration cost (€) |- | 40,2 0 e & e A 0
Total imbalance cost (€) 4=1-49,8] 19,2 28,8] 384 48] 57,6 0 o=ﬁj>

5 Overgeneration (MW) ~1 525 525 5,255 3723 . : = 5,20 25 5,25

O o [Undergeneration (MW) |- | 8,25 3 3 3 3 3 3 3 3 3

ch_ c—:’s Overgeneration cost (€) |- | 25,2 50,4] 75,6/ 100,8 126] 151,2| 176,4] 201,6f 226,8 252

o = [Undergeneration cost (€) |- 45| 39 61 50 28l Ot G Gt il Sorerelos 1582331 178.13]| 197,92

Total imbalance cost (€)<:— -70,2 90| 135| 180 224,96| 269,95 314,94 359,93( 404,93 44§§
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Future research lines

e Uncertainty of prices.

e Uncertainty of deviations’ cost.

e Pumping and storage.

* Improvement of the optimization process.
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Presentation index

* Introduction. Research subjects.
e Short term wind power prediction.

« Participation of wind energy in the electricity
markets.

 Hydro wind coordination.

* Optimization of Wind Dispatching Centres
operation.
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Wind energy and Delegated Dispatches

-~ --

—— Settings: orders

/"‘
.

Information

47



Resarch Group REDES

Alternatives for the Optimal Allocation of the
Reductions

* Three alternatives for the optimal allocation of th e
reductions required by the SO are considered:

— proportional reduction,
— with controllability prices
— with controllability and interruptive prices.

e Tested in a Spanish test system.
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Alternatives for the Optimal Allocation of the
Reductions — Test Case

1 ——

6 buses and 4 wind parks.

Bus 1 is the output bus (connection with the transm Ission system)
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Optimal Allocation of the Reductions

Bus 2 12 "
1t —Bus2
= it N — Bus4
2 E —Bus5
£ 08 ) —+—Bus 6 .
< o0 With
. 3 o 2. | T
Propor’uonaj £ R \ COﬂthlab”lty
0.4r A .
E R ’ prices
E = \ .
0.2 2 02 '
\
% 20 40 60 80 100 % 2 0 60 80 100
Output Reduction [%] Output Reduction [%]
ol NN N e N ]
| b Ny N
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f st N . | ~ 1 Controlability

ao 60
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) E— | —= [ =====1] interrumpibility

/f N ] ;- | |
g \‘ / \ }/ \\ g \/ \ H 80 prices.
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Optimization process

min 3 (cp, (R, +ip, IR, (P

J=1

m
min Zcp ; LCR,
j=1
S.t. CR, =Py =S, [Gos g,

Sy Bosg, + Py — P, —P(V,a)=0

out

N — pMax
st. Y P, =P
j=1

SGi Bin¢i +Qévic _QDi —Q(V,O’) =0

a, =0 P, <P, Fy *CR; = Fy W~ IR))
sk
0.0<CR. <P CR,
e IR +—L<10

S [os@, 20.0 Gi
cos @, = cosg™ [PGi] =[B] [[]¢z]
Vimin SI/l < Vimax i: 1n

. j=1l..m
T ST, ST ik
i,k=1..n j=1..m

[
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[
[
[
[
[
[
[
[
[
1 Controlability and interrumpibility prices.

With controlability prices.
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Reserves in Spain

] Demand in Spain
Installed wind power
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