Ricardo Lima
Center for Uncertainty Quantification in Computational Science & Engineering alll e Allall dealy

<D o 4pi8illg pglell
% ng Abdullah University of

ricardo.lima@kaust.edu.sa

Science and Technology

Antonio J. Conejo
Integrated Systems Engineering—Electrical and Computer Engineering, The Ohio State University, OH, USA

Augusto Q. Novais

Robust Optimization of the Self-

scheduling and Market Involvement for
an Electricity Producer

e 3

www.kaust.edu.sa



Lima, R. M.

2006 - PhD

Department of Chemical Engineering
Faculty of Engineering, University of Porto,
Portugal

An integrated strategy for simulation and optimization of chemical processes

Salcedo, R. L. and Barbosa, D.

o [ Eg Aoa
— i
A

> N ;—:

N N1 - L % "

P G :',,

_I Reaction zone - F‘F

=

40 _ 0 X | A fi ]
I [y P \ s T w

L e

|—m F:

[

> 4 triping zone . p fi\ .

Vv,
I RS
1
. —
¢ L=l an b
; i : @

www.kaust.edu.sa

SRI UQ Annual Meeting 2015

10"
10'®
ol ey
10 ..'.!...g;i'"’wﬂ
10"
108
SN b
2107Fr e
210
S0
810
Jof TR
10’
10°

10°




Lima, R.M.

2006-2008 — Post-doc

lgnacio E. Grossmann
Carnegie Mellon University, PA, USA

Department of Chemical Engineering

Optimal synthesis of p-xylene separation processes based on crystallization
Process synthesis, complex MINLP problems

—~8
~E
<8

Wil 1

Y
® =

www.kaust.edu.sa

W

SRI UQ Annual Meeting 2015 3
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2008 — 2011 — Researcher
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PPG Industries

Carnegie Mellon University, PA, USA

Department of Chemical Engineering
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2011 — Co-Fund Marie Curie Fellowship
Laboratdrio Nacional de Energia e Geologia, I.P. (LNEG), Lisbon, Portugal

Project: Planning and Scheduling of Optimal Mix
of Renewable Sources in Sustainable Power
Systems

e Optimization models and solution methods
* Interdisciplinary work
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* Research Scientist, joined SRI-UQ@KAUST on October, 2014
 Working with Omar Knio and Ibrahim Hoteit

* Optimization under uncertainty
 Merge Uncertainty Quantification with Optimization

* Focus on high impact applications

111.}2;( c;r:c+cfz+c;y
st. Cx<b
Dz=d
Fy+Gr=w
Az+ By <d
Hy<h
r,y > 0,2 €{0,1},

Application
Decomposi
tion

Uncertainty SRI-UQ @ KAUST
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Motivation and objectives WS

((

 Research developments and challenges
— Developments in two stage adaptive Robust Optimization (RO)

* Bertsimas and Slim, 2003 , L .
- Adaptive Robust Optimization for the Security
* Bertsimas et a|., 2011 Constrained Unit Commitment Problem

Dimitris Bertsimas, Member, IEEE, Eugene Litvinov, Senior Member, IEEE, Xu Andy Sun, Member;, IEEE,

PY B e rts i m a S et a I . 2 O 1 3 Jinye Zhao, Member, IEEE, and Tongxin Zheng, Senior Member, IEEE
* Thiele et al., 2009

* Problem features
— Complementarity of energy sources: hydro and wind
— Uncertainty due to renewable energy sources
— Deregulation of electricity markets
e Scheduling problems to minimize operational costs
* Maximize profit by their interaction with the electricity market

Develop an based on to support the

of electricity producers in a environment.
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RO Overview

* Aims to find a robust solution for a problem under uncertainty

— Where by robust it is meant that such solution is the optimal for
the worst conditions within an uncertainty set describing the
uncertainty

RO advantages

1. Under specific conditions leads to computational tractable
problems

2. Results can be very reliable, since worst case situations are
considered

3. It does not require a distribution of probabilities

RO disadvantages

/

)

(2
L

0.
1.Crude representation of the uncertainty [:lel= Bg Data available
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2. Solutions can be very conservative )
Control the conservatism level
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Problem definition

 Mixed power generation system operating in an electricity

market

www.kaust.edu.sa

< Contracts
< Day-ahead

* Combinatorial scheduling problem
 Constraints on the technical operation of the units !

SRI UQ Annual Meeting 2015
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Decision framework D

(.

: Thermal plant dispatch :
I Power output levels subject to commitment 1
: Pump-storage hydro plant dispatch :
l Power output levels l
: Power consumption to pump :
l Sell and buy electricity in the pool l

Self-scheduling

Fix commitment of the thermal unit — Fix 0-1 variables — on/off status of thermal unit
Forward contracting
Sign selling or buying contracts —> Decide buy or sell, power and price

15t stage decisions

www.kaust.edu.sa
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Problem statement ,
&

e @Given

— Electricity producer with a portfolio of generation units
e Operating constraints of the units
e The system can be operated as a virtual power system

— The producer can interact with the market
e Buy or sell through forward contracts and the pool

— The time horizon of 1 week, with the resolution of 1 hour

— Forward contracts format

— Electricity price forecasts and error limits

— Wind power forecast and error limits
* Determine

— Power generation schedule by unit

— Hourly electricity sold and bought in the pool, and by contracts
* Maximize

— Operational profit

www.kaust.edu.sa
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2-stage adaptive RO framework

U

—)

4

Multi-period MILP problem,

Deterministic model

T T T
max C,T+C,z2+C,Y

','B7z’y

s.t.

Cz<b
Dz=d
Fy+Gr=w
Az+ By <d
Hy <h

xr,y >0,z €{0,1},

X, y continuous variables
z binary variables

realizauun ui uie stutnasuc pardineters
within 14/

electricity prices

2-stage adaptive RO

/ max |clx + cl 2+ R(w, 2)

((

st. |Cx<b
Dz=d
x>0,2€{0,1},
R(x,z) = min max ey
’lU,Cy y
s.t. Fy=w-Gx
By <d- Az
Hy <h
y=>0

\ st. w,c, € W.

www.kaust.edu.sa
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Comparison of 2-Stage Formulations

2-stage adaptive RO

(@

2-stage Stochastic Programming

max cix+clz+ R(z, 2) max c.x+clz+ R(z, 2)
st. Cx<b st. Cx<b
Dz=d Dz=d
x>0,z €{0,1}, r>0,2€{0,1},
R(x,z) = min max cgy R(x,z) = EgQ((E, E(w))
w,cy Y
s.t. Fy=w—-Gx
Q(x,&(w)) = max c
A, (@ 6w) = max ey(w)’y
Hy < h st. Fy=h(w)—-Gw)z
y >0 By(w) < d(w) — A(w)z
st. w,c, € W. Hy(w) < g(w)
y(w) >0

www.kaust.edu.sa
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2-stage adaptive RO framework (cont.)

Recourse problem Inner of the recourse problem

R(x,z) = rwngl m??x ng IR(x,z,w,c,) = m;xx cgy
s.t. Fy=w—-Gx st. Fy=w— Gz
By <d- Az By <d-— Az
Hy <h Hy <h
y>0 y =0,

st. w,c, € W.
Convex LP problem

Assuming strong duality, the dual of IR is given by

DIR(z, z,w,c,) = mgn (w—Gx) a+ (d—Az)" B+ hTpu
a0, 1

st. Fla+B"B+H"pu>c,
aeR, >0, u>0

Next step: Merge the outer problem of the Recourse with the Dual DIR

www.kaust.edu.sa
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2-stage adaptive RO framework (cont.)

Reformulated recourse problem
LDR(z,z) = min  (w—Gz) a+(d—A2)" 4+ hTpu

'LU,CyaaaB,/i

st. Fla+ BB+ H > Cy
a€R, >0, u=>0
w,c, € W.

2-stage adaptive RO
/me;x o +clz + min  (w—Gz) a+(d—A2)" B+ hTu\

w,cy,a,,@,,u

st. Fla+B"B+H"u> ¢,
aceR, >0, u>0
w,c, €W
st. Cx<b
Dz=d

\ r>0,2€{0,1}, /

This is a nontrivial optimization problem because of the bi-level structure

Difficult to solve with a standard solver

www.kaust.edu.
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(Dual) Constraint Generation Algorithm .

a1
0)1)

S’
(Thiele et al., 2009; Zhang and Guan, 2009; Jiang et al. 2010; Zugno and Conejo, 2013)

{Initialization}

LB := —o00, UB := +o00, k:=1

k= xo, 2k =20

O:=0

while (UB — LB)/LB < ¢ do
{Solve subproblem} T T
ko k - k 2 T
LDR(z",2") = min (w—G:U) a+<d—Az) B+h"p
’LU,Cy,CY,,B,[L
st. Fla+BTg+H" 1> Cy
aeR, B3>0, u>0

w,cy € W.

LB := max{LB,cl2* + cI'2* + LDR(2%, 2%)}
O :=0U{k}
{Solve Master problem}

PF(z,z) =max clz+cl2+06

x,z,0
T T
s.t. @g(wk—Ga:) o 4+ (d— A2)T B* + BTk, ke O
Cx<b
Dz=d

x>0,2€{0,1},0 € R

UB := min{UB, PF(z,z2)}
k:=k+1
end while

www.kaust.edu.sa
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Primal Constraint Generation Algorithm

%ﬂ)})
Master Problem Recourse Problem
PF(x,z) = g}ze% drt+clzv0 R(x,z) = Iurjlgll myax ng
T
st. ©< (wk - Gm) ok 4+ (d— A2)T % + BTk, & s.t. Fy=w— Gz
Cr<b < | By <d— Az
Dz=d
Hy <h
x>0,2€{0,1},6 € R Introduce a copy of v =
the primal variables y y=0

st. w,c, € W.
PF(x,2) =max clz+c 2+6

2,2,0
st. < (v — G:c)Tozk +(d—A2)" B+ hTk, keo
@chkyk, keO
Fy¥ =w* =Gz, k€O
By <d— Az, k€O
Hy*<h, k€O
Cx<b
Dz =d

r>0,2€{0,1},4* > 0,0 € R,
SRI UQ Annual Meeting 2015 17
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Uncertain Polyhedral Sets

%'J)))

* Uncertainty is described by polyhedral sets: built around a nominal value
* Forecast value

* Forecast error -> lower and an upper bound

e This is an alternative approach to a scenario framework built from a
probability distribution

wy = Wy + 27wl — 2w

Wind power Electricity pool prices
120 1
200 -
100 -
=
3 2
; 150 <80 -
< =]
5 S
; .2 60 4
2100 - g
E g
= 240
50 - Forecast %
= = = = Lower and upper bounds 20 1 Forecast
_______________________________ = = = = Lower and upper bounds
0 T T T T T T | 0 T T T T T T |
0 24 48 72 96 120 144 168 0 24 48 72 96 120 144 168
www.kaust.edu.sa Time (h) Time (h)
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Risk management
&)

(

* The solution is at one of the extreme points of the convex set
* May lead to over conservative solutions
* In RO risk management is implemented by budget constraints

I' — Budget parameter
z,*, z; - 0-1 variables

{ Szt +z <T ]
t

High I' — high number of periods exhibit deviations from w; ‘ Conservative approach
Low I' — low number of periods exhibit deviations from w, - ‘ Risk prone approach
Wind power uncertainty set
WY = {wt > 0,2, 2 € {0,1},Vt,: wy =W + 2 wf — 2; wt,Zzt + 27 }

Electricity pool prices uncertainty set

wA {)\t>0yt,yt € {0,1},Vt, Ny = N +yi A — yt/\i,ny+yt §F}

www.kaust.edu.sa
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Characterization of the subproblem

DIR(x,z,w,cy) = mgn (w—Gz) a+(d—A2)" B+hp
a,B.u

st. Fla+B"B+H" "> ¢,
acR, >0, n>0

LDR(z,z) = min  (w—Gz) a+ (d—A2)" g+ hTpu

W,Cy, 0, 3,10

s.t. FTa—|—BT5—|—HT,uzcy
aeR, >0, u>0
w,c, € W.

Profit,,o1 = min {Z { Z Z ( el _ buy) _w,

Oét}d—

+ Y Y [Py Bi,t + (=Pluig) vid) + Y Y [(PO; + RUUO; + SUuY) G

i€TH t i€TH t=1

+ Y [(RUsuigr + SUm%) mi4 + (RDjuiy + SDiuf}) 0;]
1i€TH t>1

+ Y D (VO + G pad] + >0 D (GQIMy)
ieHY t=1 i€EHY t>1

+ Z Z (Q?wz’,t + Q¥piy — Vit + ‘/;uvz ¢ Z Z Epi s }

wwwk i€HY ¢ SRI UQ Annual Meeting 2015 (€HY t=tf

§'U),
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Characterization of the subproblem (cont.) R

()

LDR(z,z) = min (w—Gz) a+(d—A2)" B+ hTpu

W,Cy 0, B4
st.| Fla+ B3+ H "> ¢, a,— dual variable
a€ER, B>0, n>0 A, — electricity price in the pool
w,c, € W.
—op >NVt p:f’ll
o > =N Vi :plt)m

Z Pig + Z ptbis + p;"’ + Z Z Fral 4wy = Z ppis + P + Z Z 5 v

i€TH 1IEHY 1IEHY

Vit —Vig1 —Tix + 0y >0 Vie HY t > 1,t <tf w
Vit —Qit —Tit+ v >0 Vie HYt=1f )
Guis — KIHéy + @i >0 Vie HY,t =1 :q
Guiy — KIH& s + @iy >0 Vie HY,t > 1 :q

a+&>0 Yie HY t :pth
-y +my >0 Vie HY t pp
—Guiy — K'Himiy+piy >0 Vie HY )t =1 qp
-Gy — K'Himiy+piy >0 Yie HY,t > 1 qp

www.kaust.edu.sa
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Linearization of the subproblem

Linearization of w:o

w. = . 4+ T — 7l
N~ 1\ 1 . Hu A\ (o
_ -1
Wiy = Wioy + 2 witay — 27 wioy,

ap 2 — (M + YA =y A,V

Definition of w:

Substitution -
v <= (=) AV
vf <a+ (v H ) (T=27), v,
Linearization o> — (Xt 4+ A};) 27, Vi,
vy >y, Y,
Uy = MI3Z4 , VU,
vp > — My (1—27), Vi,
Based on T2 AV
> =N\ Wt

)\t:Xt_‘_y:—)‘g_yt_)\éa

www.kaust.edu.sa
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Remarks 0
&

1. Master and Sub-Problem are MILP problems.

2. The Sub-Problem is always bounded for any first stage
decisions (complete recourse) if the option to buy energy
from the pool is considered.

3. If the MILP Sub-Problem is not solved to optimality then

I.  The LB is not computed with the best solution of the
Sub-Problem found, but with the best MILP LB, ZDR(z*, ")

LB := max{LB,c z" + ' 2* + TDR(«*, 2*)}

Il. The integer solution obtained is still a valid bound

© < LDR(2",2*) < LDR(z", 2")

wwwkaust.edusa SRI UQ Annual Meeting 2015 23




Results

%'))),

 Computational experiments
— Case 1

* 1 thermal unit named G1
* 1 pumped-storage hydro unit
* 1 wind farm
— Case 2
* 1 thermal unit named G2
* 1 pumped-storage hydro unit
* 1 wind farm
— 2 Algorithms: Dual and Primal
— 3 Instances of electricity prices: EP1, EP2, EP3
— Risk management: 5 values for the budget parameter

Models implemented in GAMS, on a computer with an Intel Core i7@3.07GHz CPU, 64 bits, and 8Gb
of RAM. The MILP problems are solved with CPLEX 12.5.

www.kaust.edu.sa
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Case 1 — Computational results

i
0)))

S
Maximum CPU time set to 1500s and 0.1% gap.
Dual constraint generation onstraint generation
% It CPU2 ACPU (%
EP T P(€) Cap (%) #Iter CPUl(s) L #le ©) v
0.00 1 2 -50
EP1 0 4,936,002 0.00 1 1 882 1 § 8
EP1 10 4,713,789 0.00 1 2| 000 ) . 20
EP1 100 3,463,714 0.06 1 81 0.00 1 2 -50
EP1 150 3,035,343 0.00 2 4
0.00 1 2 -50
EP1 168 2,935,271 0.00 1 1] 000 . . 0
0.03 1 15 0
0.05 1 4 0
0.00 1 2 -50
0.00 1 2 100
0.01 1 2 200
0.01 6 18 -17
0.03 8 33 -9
0.03 8 30 -10
= (CPUZ2 - CPU!)/CPU!
wwwkaust.edusa SRI UQ Annual Meeting 2015 25




Case 2 — Computational results

1>
/I

S
Dual constraint generation

EP r P (€) Gap (%) # Iter CPUL(s)
— 0 1.935.466 0.09 16 50 constraint generation
EP1 10  1.773.240 0.09 17 g9 @A) gtlter  CPUMs)  ACPU (%)
EP1 100 831,836 3.70 31 1,534 838 } 3 1838
EP1 150 465,544 5.90 31 1,506 o6 06 1518 e
EHL 168 372.017 1.99 31 1.532| 001 28 1,564 |

1.12 29 1,538 -
EP2 0 1,530,169 0.09 26 32 .00 ] 5 1,500
EP2 10 1,412,875 0.10 26 259  0.00 1 24 979
EP2 100 623,943 6.99 30 1,538 20 i o -
EP2 150 328,213 7.32 34 1,533 199 28 1551 ]
EP2 168 247,803 5.13 31 1,535

0.00 1 2 -

0.00 2 4 -
EP3 0 805,971 0.93 166 1,507 o005 10 162
EA3 10 692.294 .19 148 1.528] 009 T 208 ]
EP3 100 217,334 12.76 74 1508 20 B0 i
EP3 150 165,068 16.90 68 1,523| Y = (CPUT- CPUL)/CPU.
EP3 168 165,868 16.24 65 1,556

www.kaust.edu.sa
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Convergence profiles: Dual vs Primal

Case 2,1 =150, EP3

225,000

200,000

175,000 - Re—

16.90% gap

10n

150,000 -

125,000

100,000

Objective funct

75,000 -

50,000

25,000 -

0

TT T T 11T

41

TT T T TT

46

TTrTrr1rrrrrir

31 36
Iterations

51 56

www.kaust.edu.sa
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Convergence profiles: Dual vs Primal

www.kaust.edu.sa

Case 2,1' =150, EP1

Both algorithms do not converge
800,000 14

—Dual UB
520,000 -

--= Primal

510,000 -

10n

500,000 -

Objective funct

490,000 -

480,000 - '

The Primal Constraint Generation Algorithm cannot close the gap

MILP Sub-Problem is not solved to optimality

SRI UQ Annual Meeting 2015
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Case 1, EP3 — Scheduling and Market Results

I' = 10, Risk prone approach

PUMP EHYDRO ®WIND ®ETHERMAL

g")),
I"' =100, Conservative approach

800 - PUMP EBHYDRO ®WIND ®ETHERMAL

A more conservative approach:
Decreases the power sold in the pool
Increases the power sold by contract

= 500
g
= 400
L
Z
& 300
200
100
0
800 -
700 - 0~ - -
0 24 48
600 -
e et ’
£ 500 1141 '“ . '"f ¥ )
2 ' '( u y J \ I
l-400'|| [} [N
z ! !
g 1! | I
& 300 d [}
| 1\
200 = | :
| -
100 1 — :
I
NN ELFNZL
0

— e e e e —

www.kaust.edu.sa Time (h)

U - 7 T CUNITIRKACT SELL
AN Al Y
00T T ' ! CONTRACT BUY
120 144 168
600 - = = =POOL SELL
500 POOL BUY
400 -
300 1 o
|, I |
200
|: ?: N
100-‘ \:‘r\/\/\/\\m
0 )
— 0N AN N Ot 00N AN NOINt— 0 Wn Al
— AN AN NtV WV O TN N AN <N O

— e e e —
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Risk management results: budget parameter

&"))’
Casel | EP1
T FC psell pbuy
(MW)  (MWh)  (MWh)
0 0 103,756 0
More conservative approaches: 10 100 85,275 0
Decreases the power sold in the pool 100 300 37,848 0
Increases the power sold by contract 150 300 30,875 0
168 300 28,286 0
Case 2 EP1
1"_ FC Psell Pbuy
(MW)  (MWh)  (MWh)
0 0 36,276 0
More conservative approaches: 10 100 17,809 0
Decreases the total eFr:Fe)r | 100 107 3,395 553
&Y 150 83 3,533 3,678
168 82 2434 4,857

www.kaust.edu.sa

SRI UQ Annual Meeting 2015

30




Case 2, EP1 — Perfect information for Wind

%o)))

I' =10, Risk prone approach I' = 168, Conservative approach
500 7 PUMP BHYDRO EWIND ETHERMAL 500 7 PUMP EHYDRO ®WIND ETHERMAL
450 450 -
4001 4007 Different profile for hydro generation
350 A

= 300 - &

S

5 250

EZOO'

A more conservative approach:
Decreases the power sold in the pool
Increases the power sold by contract

rerrerSELL
450 450 CONTRACT BUY
400 - 400 - = = =POOL SELL
350 350 POOL BUY
Z 300 §300-
S 2
= 250 = 250
z £
2 200 - ’ . 2 200 -
150 - |\4|| I 1| ! | l\4'/\ N 'l' 1 150
\ 1 I
100 Ly l" [} = ] [ [ 14 T 1 Ny | 100
)Y Y ]
vl ]V v VvV V Wy \n/ 0 Nl A o "
00' 00_
TR AN RCERRRE588258888R03 e R Y FEE R R

— e e = — —
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Risk management results: budget parameter

§'»),

Casel | EP1
I FC psell Pouy
(MW)  (MWh)  (MWh)
0 0 103,756 0
More conservative approaches: 10 100 86,956 0
Decreases the power sold in the pool 100 300 53,356 0
Increases the power sold by contract 150 300 53,356 0
168 300 53,356 0

Case 2 EP1
I‘_ FC psell pPbuy
(MW)  (MWh)  (MWh)
More conservative approaches: (1)0 108 ?gvi;g 8

Decreases the power sold in the pool ’

Increases the power sold by contract 100 213 4,078 3,443
P Y 150 218 3,705 3,885
168 218 3,528 3,707

www.kaust.edu.sa
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Case 2 - Budget parameter vs contract selection

<D

(

I' = 10, Risk prone approach I' = 168, Conservative approach

300 - PUMP Emm HYDRO 300 7
[ WIND == THERMAL

PUMP = HYDRO
I WIND s THERMAL
== == CONTRACT SELL

250 -

200 -

Power (MW)

— o T e e e
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Conclusions and final remarks 0
%)))
* Robust optimization framework

1. The Sub-Problem has full recourse as long as the producer
has the option to buy electricity, this simplifies the
algorithm.

2. The two variants of the constraint generation algorithm
have a similar performance with exception for some cases
where the Primal version is better.

3. Some MILP Sub-Problems are not solved to optimality
|.  The constraint generation algorithm does not close the gap

Il. The convergence profile seems to indicate that it has
obtained the optimal solution

wwwkaust.edusa SRI UQ Annual Meeting 2015 34




Conclusions and final remarks (cont.) ,,
&

* Risk management
1. Uncertainty only in electricity prices
— More conservative approaches lead to lower profits (as expected)

— Selection of forward contracts to hedge against the volatility of the
pool

2. Uncertainty on electricity prices and wind power
— More conservative approaches lead to lower profits (as expected)

— Itis difficult to foresee and isolate the relation between the
conservatism level and the contract selection and pool involvement

Lima, R.M., Novais, A.Q., Conejo, A.J. (2015), Weekly self-scheduling, forward
contracting, and pool involvement for an electricity producer. An adaptive robust
optimization approach, EJOR, 240, 457-475.
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