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1 orms | The model

e How can a wind power investment model be formulated?

i

e How can imbalance costs be included in the investment decisions of
a wind power producer?

e How can we evaluate the impact of the market design on wind
investment decisions?

e How do we model wind forecast errors?

e How can the computational burden of large-scale investment
models be reduced?
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1 orms | The model

e How can a wind power investment model be formulated?

e How can imbalance costs be included in the investment decisions of
a wind power producer?

e How can we evaluate the impact of the market design on wind
investment decisions?

e How do we model wind forecast errors?

e How can the computational burden of large-scale investment
models be reduced?
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The model

e How can a wind power investment model be formulated?

Installed
capacity
and
location

4 Wind Power Producer N
Max Expected profit

s.t. Investment constraints

- /

f Market Operator \

Min  Total cost

s.t. Generation = Demand

Network constraints
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1 orms | The model

e How can a wind power investment model be formulated?

v'Bilevel optimization problem

/ Wind Power Producer \

Max Expected profit

S.t. Investment constraints

/ Market Operator \
Min Total cost

s.t. Generation = Demand

k Network constraints j
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Lorms | The model pu.

e How can a wind power investment model be formulated?

e How can imbalance costs be included in the investment decisions of
a wind power producer?

e How can we evaluate the impact of the market design on wind
investment decisions?

e How do we model wind forecast errors?

e How can the computational burden of large-scale investment
models be reduced?
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1 orms | The model >

e How can imbalance costs be included in the investment decisions of
a wind power producer?

v'Including both day-ahead and balancing markets

/ Wind Power Producer \

Max Expected profit (day-ahead + balancing)

S.t. Investment constraints

/ Day-ahead market \ / Balancing market \

Min Day-ahead cost Min Balancing cost
s.t. Gen + Exp.Wind = Dem s.t. AGen + AWind = ADem
Network constraints Network constraints

S - >
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1 orms | The model +=

oo

e How can imbalance costs be included in the investment decisions of
a wind power producer?

v'Including both day-ahead and balancing markets

/ Wind Power Producer \

Max Expected profit (day-ahead + balancing)

s.t. Investment constraints
| DA (s1) |¢===)(BM [BM BM (s1,r3)|* * * [BM (s1,Np)]
[ DA (s2) ]<:>[BM [BM [BM (sz,rs)] " [BM (sz,NR)]

\\ [ DA (No) ]<:>[B|v| [BM [BM (Ns,rs)] LN [BM (NS,NW
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1lorms | The model

e How can a wind power investment model be formulated?

e How can imbalance costs be included in the investment decisions of
a wind power producer?

e How can we evaluate the impact of the market design on wind
investment decisions?

e How do we model wind forecast errors?

e How can the computational burden of large-scale investment
models be reduced?
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1 orms | The model

e How can we evaluate the impact of the market design on wind

investment decisions?

v'Comparing two market designs: coupled and decoupled

e Day-ahead dispatch is
determined without considering
the balancing needs

e |t follows the merit-order
principle in the day-ahead market

11 DTU Electrical Engineering, Technical University of Denmark
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1 liorms |

e How can we evaluate the impact of the market design on wind
investment decisions?

The model

v'Comparing two market designs: coupled and decoupled

Price

Wind << expected - Load shedding

Demand

NonFlex

Flex

wind

12

Power
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1 liorms |

The model

WE

e How can we evaluate the impact of the market design on wind
investment decisions?

v'Comparing two market designs: coupled and decoupled

Coupled market design

/ Wind Power Producer \

[ Investment constraint

~N

/

-

f Day-ahead market

[ Prognosis of BM
o

—

Vs

Balancing market

~

./
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e Day-ahead dispatch is
determined accounting for the
balancing needs

e Day-ahead and balancing cost are
jointly minimized
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The model

UE

e How can we evaluate the impact of the market design on wind
investment decisions?

Coupled market design

/ Wind Power Producer \

{ Investment constraint

~N

/

"

f Day-ahead market

[ Prognosis of BM
o

—

Vs

Balancing market

~

v'Comparing two market designs: coupled and decoupled

Price

./
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1 orms | The model

e How can we evaluate the impact of the market design on wind
investment decisions?

i

v'Comparing two market designs: coupled and decoupled

Coupled market design Decoupled market design

/ Wind Power Producer \ / Wind Power Producer \

) )

[ Investment constraint [ Investment constraint

J J

f Day-ahead market f )

Day-ahead market

K

[ Prognosis of BM
- N J

( ) ( )

\ Balancing market / \ Balancing market /
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1 orms | The model

e How can a wind power investment model be formulated?

e How can imbalance costs be included in the investment decisions of
a wind power producer?

e How can we evaluate the impact of the market design on wind
investment decisions?

e How do we model wind forecast errors?

e How can the computational burden of large-scale investment
models be reduced?
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1 jorms | The model

e How do we model wind forecast errors?

Historical )
data

pdf

J
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Wind power (p.u.)

[Fabbri et al. (2005)]

< (p)
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p=0.5
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1 jorms | The model

e How can the computational burden of large-scale investment
models be reduced?
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1 jorms | The model

e How can the computational burden of large-scale investment
models be reduced?
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1lorms | The model

e How can a wind power investment model be formulated?

e How can imbalance costs be included in the investment decisions of
a wind power producer?

e How can we evaluate the impact of the market design on wind
investment decisions?

e How do we model wind forecast errors?

e How can the computational burden of large-scale investment
models be reduced?
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1 jorms | The model

e How can the computational burden of large-scale investment

models be reduced?

MC

pdf

PEM

pdf
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1 jorms | The model

e How can the computational burden of large-scale investment
models be reduced?
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Large number of samples!!
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1Lorms | Summary

e How can a wind power investment model be formulated?

i

v'Bilevel optimization problem
e How can imbalance costs be included in the investment decisions of
a wind power producer?
v'Including both day-ahead and balancing markets

e How can we evaluate the impact of the market design on wind
investment decisions?
v'Comparing two market designs: coupled and decoupled

e How do we model wind forecast errors?

v'Using beta distributions depending on forecast level
e How can the computational burden of large-scale investment
models be reduced?

v'Using Point-Estimate methods instead of MonteCarlo
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i  Additional model assumptions

e Static expansion model (single future target year)

e Economies of scale (discrete and large investments)

e Energy-only markets (no payments from ancillary or capacity)
e Uncertainty in demand and wind speed (set of samples)

e DC power flow (locational marginal prices)

e Inelastic demand (load shedding)

24 DTU Electrical Engineering, Technical University of Denmark
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J Wind MWind
MFlex JFlex
P?”.U. I mar
i g2
Cm C.f}z
max
»n.l FH- 1 Tio 'nJQ

rar
TnoTs

F'J' e

LSRR

‘r “TLs

=
=
=

B=
Ry
<=
Units
g Pl(f;n, i Cq Pg';?'! alr,u C(;; .P‘(;N, air, d (‘/‘ff
g1 150 20 50 21 50 19
go 500 20.1 50 50 50 5
Lines Wind Prob
nim F;?:;: “ Bnm|n wn,s-[ Wn,s 171 ﬁ;‘?'t 51792 W‘rw 13| T Tsyr
niny 10 7.69|n1 0.6 -A 0 +A |rp 04
nins 250 7.69 |no 0.7 -A 0 +A  |ro 0.2
nonsg 250 7.69 |ns3 - - - - rg 04
Ly, = 225MW

P = 50MW
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Example

e Results: impact of forecast error

JWind MWind

/PFIeX P'H.P.f!:f.‘ J/ FIeX

moar

T
TnoTs

LSRR

I" TLa

p'm ar
g2

a1 g2
Q Cﬂ'l N
F_m.(e.'n
T 1Tz no

C.f} 2

Dec Busl Bus2
DA profit = S600 DA profit = S70
A=0.1 B profit = -S4 B profit = -562

Total profit = $596

Total profit = 5642
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Lorms | Example oz
S
e Results: impact of forecast error
J Wind MWind
Flex
“NFlex pmas NE pra
Q Cﬂl Q Cg-z
. Fring
1 - n2 Dec Busl Bus2
DA profit = $600 | DA profit = $70{?
0 o A=0.1 B profit = -S4 B profit = -562
nins n2mns Total profit = $596 | Total profit = $642
VAN

DA profit = $60C§£ﬁ)A profit = $704
A=0.3 B profit =-$12 B profit = -5186

Total profit = $588 | Total profit = $518

I" TLa

Imbalance cost may have a significant
impact on wind investment decisions
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1Lorms | Example

e Results: impact of market design

J Wind MWind
Flex J Flex
/l\ Hé?’”m p(;r; axr
C!J'l C{}Q
n Fln, no
! = A=0.3

Busl

Bus2

VAN

Dec
T

T
TnoTs

LSRR

DA profit = S60
B profit = -512
Total profit = $588

DA profit = $704
B profit = -5186
Total profit = $518

I" TLa
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1Lorms | Example
e Results: impact of market design
J Wind MWind
Flex
/]\ FIeX })_(;Tﬂ r \l/ p{;r; aa
Q Cﬂl Q Cg-z
. e
" - 2 A=0.3 Busl Bus2
DA profit = $6oo{ /DA orofit = $704
0 s Dec B profit = -512 B profit = -5186
nins n2mns Total profit = $588 | Total profit = $518
DA profit = $600 | DA profit = sw{?
Coup B profit =-512 B profit =-$14
; Total profit = $588 | Total profit = $690

The wind producer achieves a higher
profit with the Coup market clearing
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Worms |
e Results: use of PEM

JWind MWind

Example

=
=
=

i

Units

Trear
g Py

mar,u m max,d vel
Cy P cy P c

g1 150 20

21 50 19
50 50 5

MFlex J Flex g2 500 20.1
})_(‘;J‘I.'.U.'IJ
Cm Lines
F max
1 7172 nm F ?T;éu Bym
nina 10 7.69
ning 250 7.69
nong 250 7.69

moar
Tioemng

F'J'H.(.Ll{.'

LSRR

Av. wind = 0.4563

pdf

I" TLa

0 0.1 0.2 0.3
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0.4 0.5 0.6 0.7 0.8 0.9 1
Wind power (p.u.)

Bus 1

L., = 225MW, o = 5SMW

Pmet = 50MW
1

Av. wind = 0.4927

pdf
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Wind power (p.u.)
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1Lorms | Example
e Results: use of PEM

* Fix location to Bus 1

e Decoupled market clearing

* Run 500 cases with

- 100 samples (DA)

pdf

- 100 samples (B)

- 10,000 total samples

N ] * Determine mean and std

1 1 1
200 250 300 350 400 450
Expected wind producer profit ($)

31 DTU Electrical Engineering, Technical University of Denmark



HE

1Lorms | Example
e Results: use of PEM

* Fix location to Bus 1

e Decoupled market clearing

* Run 500 cases with

- 100 samples (DA)

pdf

- 100 samples (B)

- 10,000 total samples

N ] * Determine mean and std

1 1 1
200 250 300 350 400 450
Expected wind producer profit ($)

 Solve problem with PEM
* Error =0.9%

32 DTU Electrical Engineering, Technical University of Denmark
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Example

e Results: use of PEM

BUS 1
Error =0.9%

BUS 2
Error = 3.8%

33 DTU Electrical Engineering, Technical University of Denmark

Coupled MC

5
a
200 250 300 350 400 450
Expected wind producer profit ($)
- —
o
200 250 300 350 400 450

Expected wind producer profit ($)

Decoupled MC

5
a
200 250 300 350 400 450
Expected wind producer profit ($)
5
a
200 250 300 350 400 450

Expected wind producer profit ($)

=

e

BUS 1
Error =1.0%

BUS 2
Error =6.1%
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e Results: use of PEM

Example

w—
|

HE

Coupled MC
Samples | BUS 2 Time
PEM 7x7 100% <2s

Decoupled MC
Samples | BUS1 Time
PEM 7x7 100% <2s
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1Lorms | Example =
<=
* Results: use of PEM
Coupled MC Decoupled MC
Samples | BUS 2 Time Samples | BUS1 Time
PEM 7x7 100% <2s PEM 7x7 100% < 2s
10x10 60% 3s 10x10 58% 5s
MC 30x30 62% 14s MC 30x30 62% 18s
(500) | 50x50 66% 67s (500) | 50x50 65% 74s
100x50 68% 210s 100x50 73% 215s
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[lorms | Conclusions

i

e Imbalance cost is an important factor to be accounted for
in wind power generation expansion

e A coupled market clearing reduces the imbalance costs of
stochastic generation and facilitates the investment in
new wind farms

e Using a point estimate method to represent the
uncertainty involved in the investment model reduces its
computational burden
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Thanks for your attention!

Questions?

A

37 DTU Electrical Engineering, Technical University of Denmark
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1 orms | The model

. Maximizgs - \ginary vari
Coupled market design Bn;;v ariable
| ) |[Uw'nWCuwn

w'n. Cost

/ Wind Power Producer

~N

[ Investment constraint

/

f Day-ahead market

K

[ Prognosis of BM
-

( )

\ Balancing market /
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Coupled market design

/ Wind Power Producer \

-

39

[ Investment constraint

~N

/

f Day-ahead market

K

[ Prognosis of BM
-

( )

Balancing market /
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The model

HE

E Uw'n g 1: \V/u.-’!
n Profit DA

, maxyrs
H.sr — [2 u u"n.)\n-s Pu_w’ |4 ns})‘

v'n

R maryys 7S
+ E , u LU’TL)\n.ST (Pw’ |4 nsr |4, w/'nsr )}

w/nr

Profit BM



1 orms | The model

DA Cost Expected Balancing Cost Load Shed

i

nr

Miu[ZQR;HZm CHA f':fP;i,)} [Z T VELS,
g9

gr

J

Subject to

Coupled market design

/ Wind Power Producer

[ Investment constraint

f Day-ahead market

~
[ Prognosis of BM }
o 4

( )

\ Balancing market
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E E maryy; E maryy;
P- al ns T Uwin ‘D“--‘ " ns —
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mes DA price
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Linear programming model !!



1 liorms |

The model

Coupled market design

/ Wind Power Producer

g

~N

Investment constraint

-

Primal constraints

J
O\
_J
_

-

Dual constraints

J

\kStrong duality theorem/

J
G
G
DA Cost Expected Balancing Cost Load Shed
Miu[z (‘;,,R,,%[Z mer (LB, - ("’P,;i,)} [Z T VELS. }
g qr nr
Subject to
ST Pt Y PIWo+ Yt P, =
;;F\l’ n wed, w’
Z Bmu [ OH - ru : Au.- \\_’;“
mell, DA price
] d mazry1r S
Z (R,: ST I_’qw) Z (R; II nsr II T ;)
gEV web,

marirs S
+ E (”‘U"”Pu" Wosr — Wo nw) =
“.f

E , R R
”W n ST + B”m (jnw - ()m }) ' )\um'

mefl,

B price

Unit and network technical limits

Linear programming model !!
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The model

Coupled market design

~

g

/ Wind Power Producer

Investment constraint

~N

-

Primal constraints

-

Vs

J
_J
)

Dual constraints

- J

i

\kStrong duality theorem//

> Mixed-integer linear model
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}IaXlllllx Binary variable
- S Py ”u"n(zu"u

w'n. Cost

E U n g 1: \V/u.-’{
n Profit DA

. maxyy;
Hsr’ [2 “-u"n.)\n.s me ”'nx}"‘

v'n

R maa?f,vr 7S
+ E Uw’nAnsr(Pw’ Waisr — W w’nsr)}

w’'nr

Profit BM
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Decoupled market design

Wind Power Producer \

~N

[ Investment constraint

J
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Day-ahead market
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Expected Balancing Cost Load Shed

Mm[Z'ﬂ,( Pz, C“”R‘;ﬁ)} [Z TarV L}

qr nr
Subject to

S (P =rh)+ 3 (P W, W)+
gewy, wee,

+ Z (“u an(”” nsr - " 4? nw) -

- ”W n ST + Z B”m (jnw - Of:;r.sf') . )\ﬁ;r

mell, .
B price
u d max
{] g [RE%]+[R;~; T P{;w] P
DA BM

Unit and network technical limits

(Pyss0ns) € arg{Min >~ €, P,
g LP!I

Unit and network technical limits
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The model

i

Decoupled market design

/ Wind Power Producer \

~N

[ Investment constraint

J

4 N

Day-ahead market
\_ J

( )

Balancing market /




1 liorms |

Linear programming model !!

Expected Balancing Cost Load Shed

Min[Z?rw(C‘“P;‘w C“”P;i,)} [Z TV L}

gr nr

Subject to

S (P =rh)+ 3 (P W, W)+
gewy, HE()

+ Z (“’Il HP”?“]I‘- nsr II HL) Hﬁ)) -

- HW _ n 3T + Z Bf”” (jnw _ ()f!:;r.sr-) - )\:‘:}a;

mell, .
B price
u d max
0 <[P +{Fy — Po)< P
DA BM

Unit and network technical limits

. ) Linear constraints
Primal constraints .
ensuring that DA
[ B GarSial S ] variables minimize

DA cost

Strong duality theorem
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The model

i

Decoupled market design

/ Wind Power Producer \

~N

[ Investment constraint

J

[ )

Day-ahead market
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1 orms | The model

i

Linear programming model !!

Expected Balancing Cost Load Shed
Minf 7, (C‘“P;:, c*“’R;{,) Y m.VELS,
qr nr
Subject to
S (- PA) ¢ 3 (P - ) + Decoupled market design
gewy, wee,
+ Z (u.u.f”Rzr:“fﬂ o= W) =
Wind Power Producer
= H-W' _ n 3T + Z Bf”” (jnw _ ()f!:;r.sr-) - )\:J:}H{ )
mey B price [ Investment constraint
J
< w d max
{] —[F)ﬂ"] [B;w qu:] P / p \\
DA BM Primal constraints
Unit and network technical limits b g
( N\
[ _ ) Linear constraints Dual constraints
Primal constraints ] . _ J
ensuring that DA
[ bual constraints ] variables minimize Qtrong duality theorery
) DA cost
Strong duality theorem
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1 orms | The model

Mixed-integer linear model<
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Decoupled market design

/ Wind Power Producer \

~N

[ Investment constraint
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e Results: impact of forecast error

Example

WE

J Wind MWind
Fl J Flex
/I\ ex I_):Ir.rr:r: I?;;ml-'
Q Cﬂl Q Cg-z
. Fins
1 B no Dec Bus1 Bus2
DA profit = $600 DA profit = $704
B profit = -54 B profit = -562
— A=0.1 ) )
maz maz Total profit = $596 | Total profit = $642
| Cost = $3914 Cost = $3868
DA profit = $600 DA profit = $704
AZ0.3 B profit = -512 B profit = -5186
e Total profit = $588 | Total profit = $518
L Cost = $3922(+0.2%) | Cost = $3992(+3.2%)

The forecast error also affects the
total cost of operating the system
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e Results: impact of market design

Example

WE

J Wind TMWind
Fl J Flex
/P eX })_(-;}I}.U:f.‘ pf;;!ﬂ.l.‘
Cﬂ'l C.f}-z
. s o
'] 2 A=0.3 Busl Bus2
DA profit = $600 DA profit = $704
Dec B profit =-512 B profit = -5186
maz mas Total profit = $588 | Total profit = $518
| Cost = $3922 Cost = $3992
DA profit = $600 DA profit = $704
B profit =-512 B profit =-514
Coup . .
Total profit = $588 | Total profit = S6
L Cost = $3922 Cost = $3820

The lower total cost is also obtained
for the Coup market clearing
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1 jorms | The model

e How do we model wind forecast errors?

¥ ' ' ‘ ' Forecast
1 S A\ n

s1 | 0.5 | 1/Ng

Historical

pdf
]

0 0.5 (.G l! 7 (.5 0.4 1

[Fabbrl et al. (2005)]

" Wind power (p.u.) [Fabbri et al. (2005)]

=
=
=

i

Beta 6r
distribution
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1lorms | The model

e How can a wind power investment model be formulated?

UE

® 3 bus system

e \Wind nl1 = Wind n2

e Prices n2 >> Prices nl
e Optimal location n2?

e |t depends on the impact
of such a wind farm on the
market outcomes

51 DTU Electrical Engineering, Technical University of Denmark
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1 jorms | The model

e How can imbalance costs be included in the investment decisions of
a wind power producer?

NonFlexGen

* 3 bus system

® Prices nl = Prices n2

e \Wind n2 >> Wind n1 ad

ni
e Optimal location n2? 5

e [t depends on the
imbalance costs at each

bus
ns
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e How do we model wind forecast errors?

Historical
data

pdf

0.5

Forecast
S A\ n
sl | 0.5 | 1/Ng

0 0.1 0.2 0.3 0.4 0.5 (.G 0.7 (.5

Wind power (p.u.
[Fabbri et al. (2005)] ind power (p.n.)

" L ! . . . . L .
o1 6z 03 04 05 06 07 0B 08 1
plpul
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e How do we model wind forecast errors?

i Forecast
S W n
s1 | 0.5 | 1/Ng
Historical 3 -
data
0.5
[Fabbri et al. (2005)] ind pove (i) [Fabbri et al. (2005)]
ol
A
Beta 6f
distribution s}
Al
o
Al
A
0
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=
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==
R
Pl
e How do we model wind forecast errors?
¥ ' ' ‘ ' Forecast Error
| S w n AW ri r2 r3 . Ng
sl 0.5 1/Ng sl 0.1 -0.1 0 .
Historical 3 -
data
0.5

0 0.1 0.2 0.3 0.4 0.5 (.G 0.7 (.5 0.4 1

Wind power (p.u.) [Fabbri et al. (2005)]

[Fabbri et al. (2005)]

Beta 6f ]
distribution
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e How do we model wind forecast errors?

=
=
=

i

¥ ' ' ‘ ' Forecast Error
| S wW n AW rl r2
sl 0.5 1/Ng sl 0.1 -0.1
s2 s2
Historical 3 - <3 <3
data 1 ; . . ; . .
1 NS NS
i} 0.5 .G l! 7 0.8 0.9 1
\\ l i
[Fabbn et al. (2005)] ind power (p.u.) [Fabbri et al. (2005)]
9
ol
A
Beta 6f

distribution

08 1 0
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e Results: impact of forecast error

Busl

Jd Wind MWind
/]\ FIeX I_)'n.',rr T \l/ FIeX pm ar
q1 g2
Q C”l Q C.f}'z
Trear
- Fyras s Do
A=0.1
max raT
LSRR Tiomg

I" TLa
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Example

e Results: impact of forecast error

J Wind MWind
MNFlex J Flex
})_(;J‘Iu'.ﬂ.f.
Q Cﬂ'l Q
. i -
(3 1'v2 no

rar
TnoTs

T
LSRR

I" TLa

p'r nar
g2

C.f} 2

Dec Busl
DA profit = S600
A=0.1 B profit = -S4

Total profit = $596
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e Results: use of PEM

Example

pdf

| I —

—

200 250
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Expected wind producer profit ($)

400

WE

* Fix location to Bus 1
e Decoupled market clearing
* Run 500 cases with

- 100 samples (DA)

- 100 samples (B)

- 10,000 total samples
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