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Introduction
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Research experience

Hydroelectric utilities need models for:
— Short-term hydro scheduling in pool-based electricity markets

— Strategic bidding

The operational margin of generation companies can be

significantly lower than expected under certain realizations of
market uncertainty.

How to incorporate risk aversion into the short term decisions?
We propose to include the CVaR (and GCVaR) as a hedging strategy:

— Minimum CVaR constraints; CVaR in the objective function
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Introduction: background
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€h/MWh
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Price maker
(residual demand)

MWh

scheduling

max B =th(gh)' g, —C
h

bidding + scheduling
max E(B)=) prob,-B,

« iterative approach
* non-decreasing const:

(gh,n - gh,n') '(”h,n _ﬂ-h,n') =20

Price taker
(market prices)

€h/MWh

1 8 16 24

scheduling

max B=Zﬂh-gh—c
h

bidding + scheduling
max E(B)=) prob,-B,

risk constraints
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Hierarchy of hydro models

e s e B e o N o D S A B N A A
* The daily problem in the context of a temporal hierarchy

Mid-long term problem

week;,
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week,

Water value

a Target reservoirs’ levels
a Water value curves

a Optimal scheduling
a 24 supply functions

A

Pereira et al.

Fleten et. al

Nabona et al.
Garcia-Gonzalez et al.

Nurnberg & Romisch, 02
Nowak & ROmisch, 00

Feltenmark & Lindberg, 97
Conejo et al., 02
Pritchard, 04
Garcia-Gonzalez et al., 07
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Mathematical formulation (1)

Max [objective function]

subject to

« Water balance: |V = Vi y) + Wy — (g, +8,) + Z(qj(mﬁ) + Sjhr,))

Je;

| /\

L <
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I/\

« Water rights: | % <0,

e Input-output characteristic curve modeling
* Water value
 Non-decreasing curves constraints (for the strategic bidding problem)

* Risk-management constraints
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Risk neutral objective function
i g S O e o S S S

» The risk neutral objective function is:

expected profit

N
Maximize: z prob, - B,

n=1

where prob, is the probability and B, is the profit in scenario n:

daily i 1ncomes in scenario N start- up costs
r fl
B,= 72 (0 ) »ICE )
i=1 i=1 k=1

Nilsson & Sjelvgren, 97
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Input-output characteristic curve: head dependency

We have followed several approaches in order to consider the effect
of the net head of hydro electric plants:

« To consider a fix head

* Meshing and triangulation
of the surface using MILP

» To consider a family of :
detalls
input-output curves with

binary variables
* Under-relaxed procedure

» Quadratic Programming _
approach

details
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Water value (1/2)

m

» The expected future-profit depends on the level of the reservoirs at the
end of day:

B/t | Expected
future-profit

[€]

Final storage [hm?]

VvV
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Water value (2/2): several alternatives
lm

» Fixed target levels at the end of the day |v;,, € [vf — ¢, vf + €]

Vv pros:  easy to understand by practitioners

X cons: it loses the opportunity of selling more (less) generation in
case market prices are high (low)

* Individual water value curves for each reservoir (PMAPS-06)

» Expected future-profit curve depending on the total energy storage
in the river basin at the end of the day (IEEE-PES GM-07)

. avg - —
T_ZCZ' (%,24_1}@) r<r<r T’—f—l—Z&)s
7 s

A

B fut

B™ = K +w, -\ +w, -\, +wy - Ay + ...

K -

v
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Non-decreasing curves constraints
lm

* The heuristic procedure presented in PMAPS-06 to build the bid
curves is substituted by a set of constraints in order to ensure the
monotonicity of the supply functions.

» Price taker: no product of variables as in the oligopolistic approach

* Portfolio allowed?
— YES

Z gn,i,k Z Z gn’,z‘,k: av {(na n/)

T, > ,k},‘v’k

n

- NO

gn,z’,k Z gn,7i7k7 v {(na n/) ‘ﬂ-nk 2 ﬂ.n’k } 3 Vk, V’L
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Risk measures
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A risk measure is a mapping from the random variables
representing risks (profits or losses) to the real line that provides a
simple number that quantifies the risk exposure and can be used to
compare different investment alternatives, financial positions, etc.

Among others, convex and coherent risk measures are becoming a
powerful tool in financial risk management due to their axiomatic
foundation and their favorable computational properties.

Let assume that the risk can be quantified on the basis of a random
variable X :Q — R defined on the probability space (o, F,P)

For a given scenario, n € {2 the realization of the random variable
IS X(n) that can represent for instance the profit from selling
hydroelectric power in the spot market.

A risk measure can be defined as a mapping p: X — R

-11
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Coherent risk measures (Lithi & Doege, 2005)

T S ——C P S R W -

e p: X— R isa*“convex risk measure” if it satisfies:

pOX +(1—NY) < Ap(X) + (1= N)p(Y) Ae[0,1],VX,Y € X
X <Y = p(X)=pY) X(n) < Y(n) Vn € Q
p(X +a) = —a+ p(X) a constant

If it satisfies also the following, it is called “coherent risk measure”

if A>0= p\X)=Ap(X)

We will restrict our attention to the CVaR and the GCVaR.
Assuming that (—X —n), = max{0,(-X —n)}
1
GCVaR,(X) = inf [+ =E[(—X — 1),
CVaR,(X) = i, 1 + - By[(-X —n). ] sl Rs .
b subject to Z(—X(n) -n), <L

neQ
n Tecnoldgica
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Risk management constraints: CVaR
lm

* CVaR (Conditional Value at Risk) was firstly introduced in the financial
sector by Rockafellar and Uryasev in 1999. It has been applied
subsequently to energy markets (Unger, 02), (Cabero et. al, 05), etc.

Normally, it is expressed in terms of losses. In this case, it is expressed in
terms of profits (it is maximized)

Assuming that (represents the VaR (Value at Risk), then CVaR can be
defined as: [y, ps (B)=E(B|B <)

0.07

006 | f(B)
0.05
oos Z prob, - B, Z prob, - B,
041 neN|B, < neN|B, <
0.03 CVCLR(s (B): el — = [B, <
Z prob, 1-6
0.02 4 neN|B, <¢
0.01 A ]
1
: :

' L " BJe
CVaR’ VaR’=¢( €1
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Risk management constraints: CVaR
lm

For the discrete setting, is can be formulated linearly:

0.07

0.06 | B; > C B Bn, Vn f(B)
0.05 |
0.04 | BT: > O, Vn . By i
:4—|
0.03 4 Bn ‘: i
0.02 - . H
0.01 | !
o0 I ":::::;,.: :
' B [€
CVaR’ ¢ €]

. P 0
As a constraint; |cvar’ > CVaR,

/N

cvar’ = ¢ —

As a term in the objective function
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Risk averse objective function
m

» The risk averse objective function can be expressed as:

E(B)
[ 1

Maximize: a (Z prob. - B, j +(I-a)-CVaR

neQ)

Instituto de Investigacion Tecnoldgica
: i - erieria (KCAI)

Ecuela Técnica Superior de Ings
Universidad Pontificia Comillas -15

GCVaR

GOVaR,(X) = inf, [ + %EP[(—X — ).

subject to Z(—X(n) -n), <L

neQ)

 Parameter L can be used to control the risk tolerance while
maintaining a simplified linear computation:

L2 (=X =), =) GOVaR,(X)=CVaR,(X)

neQ

L=0 |:> GCVaR,(X) = MazLoss(X)

» Therefore, GCVaR encompasses CVaR, although it can be used to
penalize small profits in the tail of the distribution function.
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Prices scenarios
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* We have used the Input-Output Hidden Markov Model (IOHMM) to
generate price scenarios (n=250)

7o

70

[y} (]
) (A}

e
L]

price [EMVVh]

40

35

3a

25

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
hours
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Example case

The model has been tested with a fictitious but realistic case.

v ooy p g w c
[Hm'] MW] | [mYs] [€]
2 - - - - 12 10 5
Vreservmr ul 30
X u2 85 20 45 45 56 45 1
g lateral inflow 125
N u3 - - - - 30 38
hydropower unit 75
u4 - - - - 24 36
67.5
4) run-of river unit us 213 80 1235 122 58 110 145
u6 20 13 164 16.7 120 124
350
7 - . - - 31 120
85
rl 40 15 25 25 - 9 -
2 15 3 12 12 - 11
r3 23 6 194 19.1 - 31
4 049 0.11 0.3 0.3 - 35 1
r5 1.5 0.6 1.38 1.3 - 48
r6 1.3 0.1 0.72  0.67 - 56.5 1
r7 12.55 7.1 10 9.79 - 120 12
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Scheduling

Risk neutral Minimum CVaR
Units output power i
350 350 Units output power
800 4-{OUBL o] 300 L-{0OVU7 L ____
gu2
o L INe ] o ué
. 250 110 4 250 +-{ oo AN\
S 200 7 {EUF oo N\ 2200 {{@udf ol N
T = - P I - Y 11111\ W
& ou7 & gu2
100 rgul[~ AR T o T S \—
50 - I AN - 1 [0 J 2 e A i) ANNNSC\ e
0 : R e e e e e e e e e 0 —_— A - ‘m\‘ —
1 3 5 7 9 11 13 15 17 19 21 23 1 3 5 7 9 11 13 15 17 19
Time [h] Time [h]
Generation during [h21:h23]
is increased by “energy” from
peak to off-peak hours.
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Strategic bidding

ey s A e 0 e e T S O A S S o

E(B)

Maximize: a(z prob, ~an+(1—a)-CVaR

neQ

Parameter Expected
VaR [€] CVaR [€] _
a Profit [€]
1 547700 543970 555250
0.5 548090 544310 555170
0 548140 544530 547780
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hour 1
80
60
W 40 ﬁ
20
0
0 200 400
[MW]
hour 5
80
60
20
0
0 200 400
[MW]

[€]

€]

Obtained curves (alpha=1; alpha=0.5)
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h1-h8

hour 2 hour 3 hour 4
80 i 80 80
60 60 60
40 e @ 40 B @ 40 —
20 20 20
0 0 0
0 200 400 0 200 400 0 200 400
[MW] [Mw] [MW]
hour 6 hour 7 hour 8
80 80 80
60 60 60
40 w 40 ﬁr w 40 FIJEJ
20 20 20
0 0 0
0 200 400 0 200 400 0 200 400
[MW] [MW] [MW]

not risk-constrained
risk-constrained
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hour 9
80
60 r /
40
20
0
0 200 400
[MW]
hour 13
80
60 J J
40
20
0
0 200 400
[MW]

(€]

€]

Obtained curves (alpha=1; alpha=0.5)
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h9-h16

hour 10 hour 11 hour 12
80 80 ‘ 80 :
60 H 60 60 H
40 w 40 w 40
20 20 20
% 200 400 O : 0 :
0 200 400 0 200 400
[MW] [MW] [Mw]
hour 14 hour 15 hour 16
80 80 80
60 F 60 j—/' 60 H j
40 @ 40 @ 40
20 20 20
0 0 0
0 200 400 0 200 400 0 200 400
[MW] [MW] [MW]

not risk-constrained
risk-constrained
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Obtained curves (alpha=1; alpha=0.5) h17-h24
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hour 17 hour 18 hour 19 hour 20
80 80 : 30 80
60 B 60 60 60 | J
@, 40 W, 40 @ 40 W@ 40
20 20 20 20
0 0 0 0
0 200 400 0 200 400 0 200 400 0 200 400
[MW] [MW] [MW] [MW]
hour 21 hour 22 hour 23 hour 24
80 80 80 80
60 J 60 F—u 60 { [ 60 Irrj
@ 40 W 40 W 40 W 40
20 20 20 20
0 0 0 0
0 200 400 0 200 400 0 200 400 0 200 400
[MW] [MW] [MW] MW]
not risk-constrained
risk-constrained
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Histogram of profit (250 scn)
without risk constraints

/| M

0
5.3 5.35 5.4 5.45 5.5

Profit [€]

5.55
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5.6

5.65 5.7

X 10

Profit histograms (day + future)
MM

Histogram of profit (250 scn)
with risk constraints

40

35¢

30+

251

20

Frequency

15+

10+

/1 .

0
5.3 5.35

5.4

5.45 5.5

Profit [€]

5.55 5.6 5.65 5.

X lO5
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* For each price scenario, a different scheduling is obtained:

Units output power 44
with risk constraints

Price scenarios compared

Power output [MW]

I
|
|
|
-
|
|
|
,,,,,,,,, Lo __ P A
|
|
|
|
H
|

W
© 50k oo ____ ) 1 5 9 13 17 21 24
2 hour
o
******************* Units output power
with risk constraints 1 88

,,,,,,,,,,,,,,,,,,, 400

price scenario 44 | __|
price scenario 188
T

w
o
o

Power output [MW]
N
o
o

20 25
100
0
hour
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Effect of the number of scenarios?
MM

» The model was run taking 70 random price scenarios from the
available 250.

Hour 1 Hour 2 Hour 3 Hour 4
50 50 50 50
— — = —
0 0 0 0
0 200 400 0 200 400 0 200 400 0 200 400
Hour 5 Hour 6 Hour 7 Hour 8
50 50 50 50
S S e I
0 0 0 0
0 200 400 0 200 400 0 200 400 0 200 400
Hour 9 Hour 10 Hour 11 Hour 12
50 [ 50 4 50 J 50 -
0 0 0 0
0 200 400 0 200 400 0 200 400 0 200 400
Hour 13 Hour 14 Hour 15 Hour 16
50 A4 50 I 50 T 50 I
0 0 0 0
0 200 400 0 200 400 0 200 400 0 200 400
Hour 17 Hour 18 Hour 19 Hour 20
50 r 50 _ 50 A 50 4
0 0 0 0
0 200 400 0 200 400 0 200 400 0 200 400
Hour 21 Hour 22 Hour 23 Hour 24
50 S 50 - 50 4 s0|_—=
0 0 0 0
200 400 0 200 400 0 200 400 0 200 400
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GCVaR study

m

GCVaRvs. L
DA

Minimum profit vs. L

x 10
5.335

= @ 533
w, =
x S
g S 5325
g £
© E

S 532

5.315 L
0 2 4 6 8 10
4
x 10
5.32 N N . . J Parameter L
2 4 6 8 10
x 10"
Parameter L
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Conclusions

m

* We have presented an optimization model to help a price taker
hydro-generation company in day-ahead market to:

— Find the optimal scheduling when fixing the final target levels.

— To build the generation bids of its hydroelectric units when water
value curves a available.

* We have fixed previous drawbacks.

« The CVaR and GCVaR constraint has proven to be an effective
risk-aversion criterion as shown in the example case presented in
the paper.

» Future developments: the case of a price-maker.
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Annexes
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* Fixed head Input-Output curve

* Meshing and triangulation of the surface using MILP
» Family of input-output curves with binary variables

» Under-relaxed iterative procedure

* Quadratic Programming approach

e |IOHMM
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Fixed head Input-Output curve

Maximum
efficiency point

electrical power
p [MW]

water discharge
q [m/s]
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g =2o(g.h
0‘. § E
? “” H H
/),/’ True & ; ;
% curve  } acowice 1
/,-\ ; Piece wise llpear
< approximation
’ - ....
net hydraulic head . &
h [m] Ff)rb1dden 5
interval

722

g

o]
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Unit 1

Power [MW]
=]

o

ORI SN S
N \\\,‘\. ‘l“l“““"“
\\“28“::\‘\“&“‘“'“
et <5 T T
t‘g::“‘“‘ e e
yo! “"""DDS

s

L e e e s
et e et orw
g?:ssss.‘-‘ 008

o
o N AN

o 002

3
Discharge [m/s] Yalume Reservair [Hm®]
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Meshing and triangulation of the surface using MILP

Unit 1

g

Discharge [mals] Volume Resenvoir [Hm3]
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Family of input-output curves with binary variables

Output power

v

Turbine discharge  (; [m?’s]

return
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Under-relaxed iterative procedure

[ electricity prices model ] h = p, (V)
24:—1’10111’ . hiz;+1 — ,Oi (Vik )
prices scenarios
4 ~ 1 1
o+l v+l _ v ) G
profit-based hydro scheduling problem hi” =p, (Vik ) = P (Vik +a |:Vik v, ])
(PBS) 5.0%
4.5% -+ A o=l

l initial net-heads

simplified profit-based
hydro scheduling problem
(SPBS)

NO: ~ convergence?
update net-heads 123456 7 8 91011121314 1516 17 18 19 20

\ /
!
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Quadratic Programming approach
lm

» The characteristic surface can be approximated by a quadratic
polynomial:

g :cl-vz+cz-q2+c3v-q+c4-v+05-q+c6

 CPLEX is an efficient solver for quadratic programming problems

* Needs to be positive semi-definite |g=c -v*+c,-g*+c,-v+c.-q+c,

* We sample the original curve and find the minimum squared error
approximation by solving:

—

Vi q; Vi q, 1 Py
Cl
CZ

: o | =

f Cs

: . iy

v: q v, q: 1 P

return
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Price scenarios: IOHMM

It is assumed that the market evolves along the time according to
discrete market states which are defined by the interaction among:

— System demand
— Auvailable generation

— Strategies of market participants

» For each state, a different relationship is established between these
variables and the price:

[domand |—— .
The pdf conditioned to the set
Available gen. State S, — _of e_xplanatory variables
is different for each state

» At each temporal stage, these variables also condition the probability
of each state. P(s, =S, |u,)

States probability conditioned

to a set of explanatory variables return
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IOHMM
m
* Two interconnected process: Markov chain and probability density functions.

P(St = Sl | Sty = Sl’ut) P(St B Sl | i = SZ,Ut) P(St = Sz | Siy = Szrut)

fU (0 |U;, S =5,) 1 P ) 2 f2,t(ot [U,S, =S,)

= Sz | Sty 15 U

P(S; XS5 801 =SiU )\ /P(s, =S, |5, 545,.U,)
P(s,=S,[s_, =S;,u,) P(s,=S; s, =S,,u,)

3

P(St = Ss | Siy = SS’UI)

f3,t(ot U, S, = S5)

Supw
Universidad Pontificia Comillas -37
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Adjustment of IOHMM. Final states ()

Fecha: 20000712 DIA SEMANA:3 estado IOHMM= III estado final=A Fecha: 20000522 DIA SEMANA:1 estado |OHMM= VI estado final=B
T T T T T 1 T T T T T
| | | | — fdp i i | | — fdp
0.9f----———r——ff - #* rea || 0.9F - - e I # real |
| | | | | | | | |
e S o R oo boome 0.8f------- B s Ean REEREE
| | | | | |
| | | |
07f--=m- o | R R P R
I I I I
| | | |
0.6F------- -t - e
| | | |

7777777777777777777777777777777777777777777777777

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

return
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Adjustment of IOHMM. Final states (ll)

Fecha: 20011211 DIA SEMANA:2 estado IOHMM= | estado final=K

Fecha: 20020110 DIA SEMANA:4 estado IOHMM= 1 estado final=D
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return
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IOHMM scenarios generation (tree)

ot
U g EVALUACION
IOHMM

EVALUACION
IOHMM N EVALUACION

IOHMM

uez‘t
T 4 EVALUACION
IOHMM

T+1
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return
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Example

Precios reales

73.5509 2.8744 73.9159 "4.2448 74.3168 4.1101 4.152
Instituto de I | | |
Escuela Técnica Superior dedbbenieria (ICAD 30 40 50 60 70 80 90 100 "
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IOHMM scenarios generation (simulation)

evaluation IOHMM
+

sampling [ (g, | )

Evaluation

(3, | ) || Simulation
1 1

pdf

e o o
=1 t=T return
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