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Abstract—We examine the problem of a generator offering gen- C. Hydroelectric Generator’s Offer Parameters
eration and ancillary services from a set of cascaded hydroectric
units to a centrally dispatched market that does not account
for watershed constraints. By modeling the least-cost disgich
problem and computing the resulting schedules and market
prices, we formulate a stochastic bilevel optimization prblem
that maximizes the generator's expected profits under diffeent
demand and supply realizations. To account for potential in
feasibilities in the resulting hydroelectric dispatch, weinclude
penalties in the generator's objective function. We propos a
simple technique that replaces the lower-level dispatch mblem
with its linearized Karush-Kuhn-Tucker optimality condit ions to
convert the problem to a single-level mixed-integer progran. We
use two numerical case studies, based on actual river systemnto
demonstrate the benefits of the proposed model.

Index Terms—Hydroelectric generation, offer optimization,
economic dispatch, power system economics

NOMENCLATURE
A. Index Sets
T time index set
Q set of scenarios
H hydroelectric powerhouse index set
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hydroelectric reservoir index set

set of steps allowed in offer curves
set of ancillary service (AS) products
set of upward AS products

B. Market Bids
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probability of scenariav

price in stepb of rival generators’ hout-scenariow
energy offer

quantity in step of rival generators’ hout-scenario-
w energy offer

price in stepb of hour+ scenariow market energy
demand function

quantity in step of hour< scenariox market energy
demand function

price in stepb of rival generators’ hout-scenariow
typeu AS offer

quantity in step of rival generators’ hout-scenario-
w typea AS offer

hour+ scenariow typea AS market demand

deviation penalty, as a fraction of day-ahead price
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¢npt  Pricein steph of powerhousé’s hour+ energy offer

Qh,b,t quantity in stepb of powerhouseé:’s hour+ energy
offer

Q) powerhouseh’s daily energy limit

That PoOwerhouse’'s hourt typea AS offer price

Ry..: powerhouséi’s hourt typeu AS offer quantity

D. System Operator’s Dispatch Variables
Py, quantity purchased from stdpof rival generators’
7 hour+ energy offer in scenari@
Dy, quantity sold to steph of hour+ energy demand
function in scenariav
qi,. quantity purchased from stefp of powerhouseh’s
hour+ energy offer in scenari@
“,. . Quantity purchased from stepof rival generators’
- hour+ type« AS offer in scenariav
That typewAS purchased from powerhouseluring hour
t of scenariow

(0%

E. Hydroelectric Generators’ Cost and Constraint Paramgte

Qn powerhouseh’'s maximum rated capacity
en powerhouseh’s generation efficiency

Vg value of water in reservois

Rh.q powerhousei’s actual typea AS capacity
Nt natural water inflows to reservosr

L reservoirs’s minimum water level

LT reservoirs’s maximum water level

LY reservoirs’s starting water level

LT reservoirs’'s ending target water level

allowable tolerance on target water level
p(s) set of powerhouses that draw water from reseryoir
v(s) set of powerhouses that deliver water to reseryoir
Lh travel time between powerhouseand its immediate
downstream reservoir

F. Hydroelectric Generator Operations Variables

2, reservoirs’s ending hourt scenariow water level

2p 4 powerhouséh’s hour{ scenariow water use

iy powerhousé’s hour4 scenariow actual generation

5;}* powerhouseh’s hour+ scenariow positive energy
deviation

5;’7’[ powerhouseh’s hour+ scenariov negative energy
deviation

0y .. Ppowerhouser's hourt scenariow actual typea AS
provision

tion
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Iht powerhouseh’s hourt scenariaw generation if generators to submit offers with constraints on each pow-

o downward AS is provided in real-time erhouse individually, but without any constraints couglin
Int powerhousei’s hour+ scenariow generation if up- their operations. If the powerhouses are offered into such a
ward AS is provided in real-time market with true cost and constraint paramelletiee resulting
dispatch may be infeasible. This exposes the hydroelectric
I. INTRODUCTION generator to the added financial risk of deviation penalties

ANY restructured electricity markets endow a Systed\{loreover, since the _SO dispgtches the pverall system with

M operator (SO) with operational control of the powelcorrect hydroelectnc operating constraints, resgltieal-
system. The SO solicits offers and bids from generators afft€ Operations may be inefficient compared to the true welfa
loads. These are input to a welfare-maximization problefffl@imum that accounts for watershed constraints.
which determines day-ahead generator schedules, loatls th&ne solution, which completely eliminates dispatch infea-
are served, and settlement prices. Generators or loads @atities, is for the generator to forecast the optimal-dis
deviate from these schedules must typically remunerate fp@ich of its units and self-schedule its generdiicfrerer
SO for replacement energy or ancillary services (AS), baskd models an energy self-scheduling problem using optimal
on real-time prices. control techniques and transforms it into an equivalent-non

This centralized market paradigm can be problematic fpear optimization. Baueret al. [8] expand upon this by
some generating resources. This is because the structurd!®fg dynamic and nonlinear optimization techniques teesol
the cost and operating constraint data that the SO acceptgnerical case studies. Fleten and Kristoffersen [9] duoe
in an offer may not fully capture the capabilities of a planf stochastic model, in which real-time prices are uncertain
This is especially true of cascaded hydroelectric ger]E,‘atooptimize hydroelectric energy self-schedules. Faria dpteR
eg., plants that are on a river catchment. In addition td0] expand this by allowing the hydroelectric generator to
generation limits on powerhouses, hydroelectric genesaie adjust its day-ahead schedule in the real-time market t@cor
also constrained by water availability. Consider, as amgpta, infeasibilities or suboptimality caused by incorrect dxdyead
the simple watershed illustrated in FI3. 1, which considts érecasts. Kazempouwt al [11], [12], Ahmadiet al. [13] and
four reservoirs on a river connected by four powerhouses: HA\Pgottspon and Andersson [14] expand upon these works by
each powerhouse can be operated depends on the operatidR@feling self scheduling of energy and ancillary services.

the others, since the reservoirs have minimum- and maximumAlmeida and Conejo [15] study equilibrium medium-term
water-levels. generation decisions of competing hydroelectric firms.yThe

model the interaction as an equilibrium problem subject to

A 1 B 2 equilibrium constraints. The upper-level problems in thei
> ] > > ] model represent the generation decisions made by the hy-
* droelectric firms and the lower-level problems the resgltin
[ = ~- [ dispatch of thermal generators. This problem is akin to a
4 D 3 C self-scheduling problem, since the strategic variablé¢ tifey
focus on is generation quantity. Moliret al. [16] similarly
Legend model Nash-Cournot equilibria between competing firms in
"\ Reservoir a hydrothermal system. As with the work of Almedia and
[ 1 Powerhouse Conejo [15], this analysis also focuses on generation dyant
as the strategic variable of interest. Moreover, Molgtaal.
Fig. 1. Simple river system. [16] do not explicitly model a centralized dispatch, which i

the focus of our work.

Thus, feasible operation of cascaded hydroelectric generaa downside to relying on self-schedules is that it can intro-
tors requires their dispatch to be optimized in an integratgluce coordination losses that the SO's welfare maximimatio
fashion with constraints coupling their operation. MoreoV js designed to address [17]. Moreover, self-scheduling can
these constraints are dynamic in that the tingilability of  foreclose on economic and efficiency gains if the generator
a powerhouse depends on how it and the other powerhougg®rrectly forecasts market conditions. Thus, an altéreas
are scheduled at other times. There are numerous model$ointhe hydroelectric generator to submit more flexible ffe
the literature that explicitly capture such interdepemi@nin to the SO. In doing so, it should ‘tailor’ the offer in such aywa
optimizing hydroelectric systems. These approach thelenob that balances gains from profitable dispatch against plessib
from the perspective of a hydroelectric generator that mindispatch infeasibilities.
mizes the cost of supplying its load or maximizes profitagain - This paper proposes a stochastic bilevel modeling approach
exogenous market prices [1]-[S]. Pousirgical [6] relax the o optimize such hydroelectric offers. The lower level ig th
exogenous price assumption by modeling a stepped inverse
demand function, giving generation-sensitive prices. 1By ‘constraint parameters, we mean the types of conssathat the

Operating a cascaded hydroelectric system in a centralizeatket accepts, such as an hourly generation capacity, dbutoupling
market can be more difficult, since many markets do nggpstraints. . _

. . . . . Many centralized markets allow explicit self-schedulitfgot, a generator
consider the constraints that Couple its operation. Faante, can replicate a self-schedule by offering its desired dé$pat the price floor,
the California ISO (CAISO) market only allows hydroelectri guaranteeing that it is accepted by the market.



SO’s welfare maximization, which determines the dispatah ahydroelectric generator with a provisional dispatch scifed
market prices based on demand and offers from the hydroeland day-ahead prices. Using this schedule and constraints o
tric and rival units. The SQO’s problem only includes indivad how the watershed can be feasibly operated, the hydroielectr
unit constraints, and does not consider the watershed cgenerator determines how to operate its plants and how much
straints coupling the powerhouses. The upper level magisnizo deviate from the SO’s schedule. We assume that the
the hydroelectric generator’s expected profit, which cstssi hydroelectric generator must purchase replacement ea@d)y
of energy and AS payments less deviation penalties. TAS for any schedule deviations from the real-time marked, an
hydroelectric generator behaves as a price-maker, indorsic that this incurs a cost that is proportional to the day-ahead
it accounts for the effect of its offers on energy and AS wiceprice.
Bids and offers submitted by other market participants are
assumed uncertain. Hydroelectric deviations are defingédeas A. System Operator's Welfare Maximization
difference b_etween the SO’s dispatch and how the WaterSheQZentralized electricity markets rely on generator-sigapli
can be feasibly operated. _ _ cost and constraint data to determine the day-ahead dispatc
Because the SO's problem is a convex linear prograithough individual markets differ in terms of the offers
we can replace it with its necessary and sufficient Karusfizat generators may submit, we assume a generic archetypal
Kuhn-Tucker (KKT) conditions. We use standard techniqoes &y cture. Specifically, the hydroelectric generator mégro
linearize the KKT complementary slackness conditions{18},; each of its powerhouses a: (i) non-decreasing stepped
[20], allowing us to convert the bilevel offer-optimizatiprob- marginal generation cost curve, (i) a price/quantity dair
lem into a single-level mixed-integer linear program (M)LP each traded AS product, and (iii) a daily generation limie W
We also use two numerical case studies, based on actual riyggme that the marginal generation cost curves and ASoffer
systems in the CAISO control area, to demonstrate the efficaG, giffer for each of the 24 hours. The daily generationtlimi
of our model in improving hydroelectric profit and systems assumed to only apply to scheduled generation, without
efficiency relative to _the hydroelectric generator subdmdtt ~onsideration of possible real-time AS deployments.
true cost and constraint parameters. These assumptions closely match the structure of the
Our work builds off of the model developed by BakirtziscAlISO market [21]. The CAISO requires most resources to
et al. [19], which optimizes stepped energy offers for thermalbmit offers covering their entire operating ranges in all
generators in a centrally dispatched market. Our work diffehours. Hydroelectric generators are exempt from this requi
in a number of ways, however, making several importaiient and may offer only the quantity determined to be fea-
contributions to the literature. FiI‘St, we Study the moreneo sible for delivery’ exact|y because of their Comp|ex Op'amt
plex problem of structuring hydroelectric generation offe constraints [22]. There are other possible extensions ¢o th
which have complex dynamic constraints coupling their epeso's model that could be included in our offer optimization.
ation. Secondly, given the importance of using hydroeiectrrhese are discussed in Sectlgn]Il-C. We exclude these from
resources for AS in some systems, we model both energy afi¢ analysis to simplify model notation.
AS. The inclusion of AS adds more Complicating relationship For a given scenariw' which encompasses a realization
between the offer parameters in the SO’s dispatch and dgp non-hydroelectric generation offers and energy and AS

operating the powerhouses on the watershed. Third, we eg¢mand bids, the SO’s dispatch model is formulated as:
plicitly focus on the issue of the SO dispatching the watedsh

infeasibly, and how offers should be structured to tradeoff T T R .
between higher profits in some scenarios against deviatiohi™ Z Z(WbiDb,t - Ky Byl — Z Ch,b,tlh,b,t
penalties in others. teT |beB heH,beB

The remainder of this paper is organized as follows. Sec- v w . w .
tionMgives the formulation of the SO’s welfare-maximiiat - Z Z Rabt@abt T Z Thatlhas |5 (1)

and the hydroelectric generator’s offer-optimization relsd acA \beB hett
Section[ll details the steps to convert the bilevel offer op St Y P+ > aip:= > D 2)
timization into a MILP. Sectiof IV describes our numerical beB heH,beB beB
case studies and results. Secfidn V concludes. Vit ()
Z g pe Z That = Bags Vat (A7) 3)
Il. MODELS beEB heH

We restrict attention to a day-ahead market, which is mod- T < Qnpyts Vbt (ipe)  (4)
ele(_j a_lt hou_rly timesteps_. The hydroelectric ggneratorlaﬁyi Z @ ps < Qi Y h (n3?) (5)
optimizes its offers using a one-day planning horizon and  (c7 e
operates its Un.ItS. at r_\ourly timesteps. The hydroelecH@g— o< Rh,a,t; Y hat (i, (6)
ator’s offer optimization is modeled as a two-stage stoitas . y .
program. In the first stage, the hydroelectric generatomstsb > e <Y i Vht o (pha:)  (7)
offers into the day-ahead market, without knowing the deinan acA\A, beB
and supply bids of other market participants. In the second ZQZJ,b,t + Z 0t < Z Q,Lb,t; (8)

stage the rivals’ bids are realized and the SO provides the ;-5 acA, beB



Vohot o (15 ) efficiency is combined with a fixed water value to compute
P¥, < PY: Vbt (Uf’tw) 9) the_cost of generat_ion. Aggin, this water value may represen
’ 7’ Do a direct cost associated with water use. More often, however

w w ) . . . .« . . . .
Dy, < Dy Vbt (03,°) (10) this is an implicit opportunity cost, estimated by a medium-
ol <Ay Y a,b,t (gg;;f’t) (11) or long-term hydroelectric planning model. We include both

(12) reservoir Fargets and water values to aIIovy greate_r flawgibit

Po Do rw how medium- and long-term hydroelectric planning data are
V h,b,a,t (’Yh bt Yot > Vot 2 Vhoato Va b, t) captured in the hydroelectric generator’s offer optiniaatin
apractice, a generator may opt to only use one of these in its
short-term planning.

w w w w w .
Qh,b,tvpb,ta b,tvrhatvaabt > O

where the Lagrange multiplier associated with each constr
is given in the parentheses.
Objective [1) maximizes social welfare. This is defined as

the energy sold to the market multiplied by the willingness t Legend = = B
pay that is expressed through the demand bids, less the cost "\ Reservoir A 1 v

of energy and AS procurements. Load-balance constrdits (2 [ 1 Powerhouse 2
require energy that is sold to exactly equal total supply ?
from hydroelectric and non-hydroelectric generatorshéitgh

this constraint can be satisfied by setting the generatioh an E C
demand variables all equal to zero, this is generally subnapht Y \
since the willingness to pay for energy is typically higher 5 3
than generation costs are. AS-balance constrdihts (3)esiyni

ensure that AS demand is satisfied by either hydroelectric or F D
non-hydroelectric generators. Y v

Constraints [[¢) limit hydroelectric generation dispatthe

from each block based on the generator’s offer and con- 6L L7 L 14
straints [b) enforce the daily energy limits. Constraiff ( / ,_l\</
similarly limit hydroelectric AS dispatch by the quantity G =+1 I= H
offered. Constraint{]7) ensure that the amount of downward y 8

AS reserved from each hydroelectric generator is less than ()

its energy dispatch. Constrainfd (8) ensure that the sum of
energy and upward AS procurements are less than the 1681
quantity offered into the market. Constrairif$ (9) throug)(
limit market energy and AS sales and purchases based on theiven these assumptions, the generator’s offer optintizati
quantities bid. ConstraintEqlL2) enforce non-negativity. is formulated as:

We let P“(é,@,@,fr,fz) denote the scenario-dispatch
problem, which depends on the hydroelectric generatofés of W, (swit | sw—y W ow
parameters. More specifically, because we focus on hydromang Z Avm (5h’t 0, ) Z/\t bt

2. Complex river system.

weN teT ,he H beB
electric generator dispatch and deviation penalties, we us "
the notation(¢”, 7, \“, \%) € argmax P*(¢,Q, Q, 7, R) to + Z Nat * [Mhae = Caam] (13)
indicate that(¢“,r*) are optimal inP“(¢,Q,Q, 7, R) and acA
(A, A%) are corresponding Lagrange multiplier values on .
constraints[[R) and13) that satisfy the KKT conditions. - Z UsZh,t| s
s€S:hep(s)
. o +
B. Hydroelectric Generator’s Offer Optimization SOy, —0ny tan. = Z b3 Vhtw (14)
Our analysis assumes a general river catchment topology, » P f’eB v h 15
consisting of connected powerhouses and reservoirs. [Higs. Cast ka2 Thoats ,a,t,w (15)
and[2 show simple and more complex river systems, respec-  2j; = €hgh i Vh,t,w  (16)
tively. I_n addition to inflows from upstrt_aam powerhouses, 19, =19, | +nes— Z 2+ Z 2,0 (A7)
reservoirs can also have natural water inflows, for instance hen(s) hen(s)
from tributaries. Each reservoir has a fixed starting water
. - . Vs, t,w
level and constraints on the minimum and maximum amount ,.
. . - - w .
of water that it can hold. There is also a target ending  Ls <I&; < L; Vstw (18)
water level for each reservoir. This target water level can (1 — y)LT < l“T < (1+x)LL; Vos,w (19)
represent a physical constraint or could be a target givea by 0< g%, < On; Vhtw (20)
medium- or long-term hydroelectric planning model [15]cEa = Thit ' Y
0< 04t < Rna; YV h,a,t,w (21)

powerhouse is assumed to have a fixed generating capacity
and efficiency. The efficiency is measured by the volume g7, =g, — Z 0% . Vhtw (22)

)

of water drawn from the forebay per MWh generated. This a€A\A,



= g+t Z O ati V h,t,w (23) enforce the reservoir water limits and constraifiig (19ydor

acA, the ending water level to be within a band around the target.

g}‘?t > 0; Vhtw (24) Constraints [[20) and[{R1) enforce generation and AS
limits on each powerhouse, respectively. Constraififd (22)

ght < @ns Vhtw  (25) through [2Z¥) further ensure that each powerhouse can fgasib

Y= > endyr + > endni,, < LI (26) supply energy in real-time if the AS provided is called. Tdes
hEp(s) hev(s) constraints assume that the generator must be able torsustai

Vs, tw AS production for a minimum of one hour. Constrairfis] (22)

o define each generator’s resulting generation level if all of
Ly <l5ia— Z endiy + Z ¢hdni-u: 27)  the downward AS provided are called in real-time. Con-

h€p(s) h€v(s) straints [ZB) define the generation levels if upward AS are

Vs, tw called. Constraintd{24) anf{25) ensure that these regulti

(¢°,7, A, \?) € argmax P¥(¢,Q, Q, 7, R); (28) generation levels satisfy each powerhouse’s capacitytdimi
Vv w Constraints[[26) and{R7) further ensure that the water leve

of each reservoir remains within its bounds if AS are called.

éfl»bvt =z éhvbjlvt? v bt (29) Constraint [ZB) requires the dispatch and energy and AS
Qnbts Qns Rhaty 5,“;;, 5°’t +Chat = 0. (30) prices to be an optimal solution/Lagrange multiplier paitHe
Y hboat.w SO’s welfare maximization problem, given the hydroelectri

generator's offers. Constrainfs_[29) force the variablergy
This model treats the hydroelectric operation variabledst offers to be monotone. Constrainfs](30) enforce non-
(1,9,6,0,¢,g) and offers(é, 0,0, #, R) and the SO’s hydro- negativity. Since this model allows the hydroelectric getar
electric dispatch(¢,r) and energy and AS prices\, \,) as full flexibility to deviate from the SO’s prescribed disphjc
decision variables. this problem is guaranteed to be feasible (so long as therwate
Objective function [(IIB) maximizes expected profit. Theevels in the river system do not violate any minimum resirvo
=AYy, and gy, terms are revenues earned from dayeonstraints).
ahead energy and AS dispatch. Due to the sign conventions

used in the SO’s dispatch problem, energy is priced-at . s
whereas AS a\* ,. The A m- (6 +6:7) and—\*, © C. Extensions of SO and Offer-Optimization Models

terms represent penalties on deviations from the day-ahea@ur model assumes a relatively simple SO model and
schedule. The penalties are assumed to be proportionaéto hlydroelectric system. Some of these simplifications areemad
day-ahead price. We assume that these penalties applyto Hotease notation. Others are made for technical reasorisdela
over- and under-generated energy but only to AS shortfalts. our solution methodology. The method used to solve the
The —v, 2z}, term represents the opportunity cost of water usdwydroelectric offer-optimization model is reliant on th®’'s
to generate energy. dispatch problem being a convex program that satisfies some
Constraints[[14) and{1L5) define energy and AS deviatiorggnstraint qualification conditions [23]. This assumptias:
respectively, as the difference between the actual amoustges that the KKT conditions are both necessary and suificie
supplied by the hydroelectric generator and the SO's digpatfor a global optimum to the SO's problem.
Constraints [[1I6) define powerhouse water use in terms of\We can, however, relax some of the simplifications assumed.
their generation and efficiency. We enforce these consgraiiVe now discuss some possible extensions of our model.
as inequalities (as opposed to equalities) to allow for wate 1) Self-SchedulesAs noted before, many SOs allow gen-
spillage. While typically undesirable (due to the ass@clat erators to self-schedule energy and AS. We do not explicitly
opportunity cost) water spillage may be necessary to maabdel self-schedules, but could by adding additional self-
reservoir water level targets and constraints. If some ef tschedule offer parameters that the hydroelectric genecato
reservoirs in the system are not designed to allow for g@lla determine. These self-schedules would be included in tHe SO
the associated constraints could be enforced as equalitiead-balance constraint. Market rules typically allow SOs
Similarly, if there is an upper-bound on spillage, this ebulcurtail self-schedules for non-economic reasoag.( if the
be enforced by placing explicit upper-bounds on tfg¢, self-schedule causes a load imbalance, infeasible powes,flo
variables. We allow for spillages in the model to ensure that other threats to system security). We could model self-
the watershed can be feasibly dispatched without violatisghedule curtailment by adding such variables to the SO’s
upper reservoir constraints. This may run contrary to dctudispatch problem, with a high penalty cost in the objective
hydroelectric operations, however, since spillages maybeo function. Indeed, modeling self-schedule curtailmen&seass-
decided upon on an hourly basis. ary to ensure that the SO’s dispatch problem is always flasib
Water-balance constrainfs]17) define each reservoir's-hotor any set of hydroelectric offers.
t water level as its houft — 1) water level less what is used to  Alternatively, a generator can replicate a self-schedyle b
generate electricity plus inflows from tributaries and st submitting a piece of the stepped generation cost curve at
powerhouses. The inflows from the upstream powerhouses #re price floor, which our model does allow. We could model
indexed byt — ¢;, to account for the travel time between eaclAS self-schedules similarly, although we assume that each
powerhouse and the downstream reservoir. Constrdinls (p8&werhouse offers a single block of AS capacity at a single



price. This assumption is made to simplify notation, but thivo lower reservoirs and powerhouses in [Eig. 1. The behavior

model can be easily generalized to include stepped AS offen$ the other firm that operates the two upper reservoirs and
2) Load Flow: We do not model power flows or transmispowerhouses could be modeled based on exogenous water

sion constraints in the SO’s dispatch problem. A linearizadflows to reservoir ‘C’ from the rival firm. Indeed, these

DC load flow model could be easily incorporated into thaflows could be modeled randomly to account for uncertainty

SO’s dispatch problem, since the problem would retain alinein the rival’s behavior.

structure. In this case, hydroelectric profit functibnl (&&uld This approach assumes that the rival firm(s) make dispatch

be changed to reflect the fact that energy prices and deuigcisions that result in a feasible reservoir dispatch lprab

tion penalties are location-specific. Depending on theifipecfor the firm of interest. If, for instance, the firm of instance

power system and market being evaluated the inclusion @pferates the two lower reservoirs and powerhouses in[Fig. 1

transmission constraints may be important as they may berd the other firm does not release sufficient water to satisfy

major source of infeasible hydroelectric dispatches fréwa tthe minimum water level constraint of reservoir ‘C,’ therth

SO. firm of interest would have an infeasible offer optimization
3) Head-Dependent Powerhouse Efficienciéscomplica- problem. Such a situation could not be meaningfully analyze

tion of modeling hydroelectric generation is that power®u using our model.

efficiency is a nonlinear function of turbine efficiency, net

head, _and plant Qischarge [24]. At_ the same time, net head is . L INEARIZATION OF HYDROELECTRIC

a nonlinear functlon of the reservoir's water level and askd OEFER-OPTIMIZATION PROBLEM

flow. Following a number of other works [9], [15], [16], we i o )

ignore these effects and assume that each reservoir's adt he 1he hydroelectric offer-optimization is a bilevel problem

remains relatively constant over the course of the one-d¥ff use standard techniques, which are outlined below, to

planning horizon. Other works capture these nonlinearitie  CONvert this problem into a single-level MILP [18]-{20].

ing piecewise-linear approximations of powerhouse efficye

[1]-[4], [6], [10], [25]-[27] or by using a nonlinear mode3], A Bilevel Optimization

[7], (8], [24], [28]. . , N
Either of these modeling methods could be used to repre_Inclu3|on of constraintd{28) makes the offer optimization

sent actual hydroelectric operations in the offer-optation a bilevel problem. Since the .SO problem is_a linear program,
problem. As discussed in Sectibal Ill, we are able to simpli e know that any global maximum must satisfy the KKT con-

the bilevel optimization given byrT13)ETB0) into a MILP. If itions [23]. Moreover, since the SO problem is convex, ¢hes

. . nditions are also sufficient for a global maximum. Thus, we
the water-use terms in constraint sefs] (161 (26), (2c7§ : . N ’
are replaced with piecewise-linear approximations, thevbl can replace constraintiy28) in the offer optimization wita

model can still be converted to a MILP, which can be Solvggg(’)sv\/;gbfgn:.condmons for each possible realization it

using commercial software packages. Including piecewise-
linear approximations will result in a larger MILP, howeyer ¢, , . + A ey A — g — Y =0 (31)
which may introduce computational complexity problems, . o N

. : : : ; YV h,b,t,w
especially since the model we propose is a daily offer opti- » »
. . . . . . . W W
mization. Otherwise, if a nonlinear model is used, the leilev Ky, + Ay + 0, 1" — 7, ;" = 0; Vb, t,w (32)
optimization is instead converted to a mixed-integer nwdr Wi, — N+ Uféw _ %ﬁ,w -0 Vb, t,w (33)

program, which may be significantly more difficult to solve.

w w w W o .

4) Powerhouse Non-Convexitiesowerhouse operations et~ Aa.t Mt T Hiar = Tnias = 0; (34)
may entail other non-convexities, including turbine stprt V h,a € A\Ay, t,w
and shutdown co_st.s and forb|dde|j opera‘ung zones [4], [6]7}h’a’t = N A — 7;:;),t =0; (35)
Such non-convexities can be easily included in the offer-

S . ) YV h,a € Ay, t,w

optimization model, since they can be captured by addlngw " . e
binary decision variables to the constraints represendiclg a,b,t — Aot e Vabtw (36)
tual povv.er.hou.se operations. poing so results in the bileve Py + Z Qs = ZDZ},t; Vit w (37)
offer-optimization problem being converted to a MILP. As ;-3 he HbeB beB
with modeling powerhouse efficiencies using piecewisedm w w

S : . 2 SO > B v, >0;
approximations, including such non-convexities will fiégua Z Qb Tt Z That 2 Bas L A 2 0; (38)

. : . . beB heH

larger MILP, which may introduce computational complexity v
issues. A a,t,w

5) Multiple Ownership:Our model assumes that all of the g, ; < Qnpe L 154 > 0; V hb,t,w (39)

reservoirs and powerhouses in the river system are owned =
. powe . Y Y @ < QLo >0 ¥ h,w (40)
by a single profit-driven entity. In some river systems theteT e
resources are owned by competing firms [26]. Incorporating, . "
a multi-firm structure into our offer-optimization modeldd ' h.at < fhat L Mhas = 0; Vhatw (41)

be done if the aim is to optimize the offers of a single firm. Z T ar < Z qr vy Loy g0 > 05 (42)
For instance, suppose that the firm of interest operates thg-a\ 4, beB



YV h,t,w a convex linear program, strong duality implies that:

Z b+ Z That < Z Qh,b,t Loy e = 05 (43)
beB acA, beB Z

w P,w
Z(Kb,tpbt Wthbt+Pbt‘7bt +Dbt‘7bt )

\v h7 t’ w teT \beB
w Pw P,w .
Pbtgpbtj_abt 20; Vb tw (44) +Z Z abtaabt"'aabt%gut) Z},t)‘g,t‘|}
D, < Dy, L oy 20; Vb tw (45) acA Lben
gy < ag Loy, >0; Y oa,b,t,w (46) = - Z (Chbt Ty bt + Qhb M pt) — Z Qnmy,
heH,beB,teT heH
Q%btapﬁ’wDZ’t,Tﬁat, gy =01 (47) . " . "
D,w >0. Vhbatw - Z (ﬂ—h,a,trh,a,t +Rh,a,t77h,a,t) (55)
’thtv'ybt 77bt ”Yhat7’yabt » Uy My Yy heH,acAteT
The L symbol in conditions[{38) through{K7) denote comple- — Z Hiyut Z Qn.b,t-
mentary slackness between each constraint of the SO problem ~ "e#€T beb
and its associated Lagrange multiplier. We next note that by summing conditiofisl(31) overb,
andt¢ we have that for each:
w W o _a w
B. KKT Complementary Slackness Conditions Z AL e = Z (=Chbt iy
heH,beB,teT heH,beB,tcT
Adding complementary slackness conditiond1(38)  — ), 1Qh bt — Th Dbt t B aidi bt — BhowtTho: (96)

through [4¥) to the offer-optimization problem introduces +7hbt%bt)

nonlinearities. This is because a complementary slackness
condition of the form: We next note that condition§ (B9 {4314 1(42), ahd (47)
imply, respectively, that:

z) <0 L > 0, 48 w w A w
f(z) < ¢z (48) M bt @bt = Qhbth b3 (57)
is equivalent to: Z a5 b = Qunt (58)
teT,beB
flz) <0; (49) W w w w
Kh.dt9nbt = Mh.d,t Th,a,ts (59)
020 = % A
f(x)p =0. (51) K
Zu‘ﬁﬂu,tﬁ,b,t = Z Qnpt — Z Tﬁ,a,t Hz},u,ﬁ (60)
One can linearize this condition by introducing a binary veB beB a€A,

auxiliary variable,), which is equal tol if f(z) < 0 and0
otherwise. We then replace conditiofsl(49) throdgh (51hwit

Vit = 0- (61)
- M- < f(x) <0 (52) Substituting these equalities infa56) gives:
0<op< M- 53 © W N w
S¢s (1=9); (53) Z AN pe=— Z (Ch.,b,tqh,b,t
Y € {0,1}; (54) heH,be B teT heH,beB teT
+ Quoimi ) — Y Quily (62)

where M is a sufficiently large constant [18]. =,

We linearize complementary slackness conditiohs] (38) " A " "
through [@Y) by introducing one auxiliary binary variabte f =~ — Z Fohut Z Qn.p,e + Z Poh,d,t Z "h.a,t
each. We can also use problem data to determine the highest "€:¢T beb heHteT a€A\Ay
value that each constraint and associated Lagrange niertipl + > i, > ri, .

can feasibly take, allowing us to determine reasonableegalu hEH,teT acA,
for M'’s useq to Ilnearlze.each cond|t|0_n. This gives a tighter We next note that conditionET84J141), aldl(47) imply that
MILP, reducing computational complexity. .
for all a € A\A, andw:
/‘%,d,trﬁ,a,t = _ﬁ-hﬂir%,a,t + /\Z},tr;’;},a,t - n}f,a,tr%,a,t (63)
C. Energy and Ancillary Service Revenues + VZZ‘Z,tTﬁa,t;
Objective [IB) has-\y gy, , and\% ¢, , terms, which are T adTheas = Bhaliy s (64)

bilinear in the decision variables. FoIIoWing the work ofiRu
and Conejo [20], we linearize them using strong duality argnd:
complementary slackness conditions. Since the SO protdem i Vo iThat =0 (65)



We can use condition§{B5[{41), alidl(47) to arrive at analo- IV. CASE STuDY
gous equalities involving the upward AS products. Subitill e use two numerical case studies to examine the benefits
all of these equalities intd{b5) and162) gives: of the proposed offer-optimization model. We first discuss
the case study assumptions and data, then describe the two
Z Z hydroelectric offer strategies considered, and finally amn
heH beB,teT heHaeA,teT rize the resulting hydroelectric dispatch and profits arslesy
=2

AY QZJ,b,t - A?J,ﬂ’ﬁ,a,t (66)

5w P, Aw D, operation costs.
{Z(Kgftngt — WDy, + B0y + D0, ) P

teT \beB
A. Case Study Data
+ Z Z(Hz),b,ta;),b,t G Ta ) — Z),t)\;)7t‘| } We examine the two hydroelectric watersheds shown in
a€A LbeB Figs.D andR, which are based on actual rivers in the CAISO

Thus, we can linearize the bilinear revenue terms in objedYStém, over a one-day period. Tales | Bid Il summarize the

tive (03) by replacing them witH56). characteristics of the reservoirs and powerhouses, rigplgc
for the river system in Fidl1 and Tabled Il and IV summarize

the characteristics for the other river. We assume that the
natural water inflows to each reservoir are the same in each

D. Deviation Penalties
L _ hour and that 0.1 in determining the ending target
woo L (swt w, X g g g
Objective [IB) also has\ym - (65" + 4, ) and resenoir levels.

—XaiCfY o4 terms, which are bilinear and cannot be lin-
earized. We instead replace these terms in the objective
with 7m - (6, + 6;,) and —7,¢y? , ,m, where7{ and

7¥, are fixed parameters. We use the technique, outlined

a,t

TABLE |
RESERVOIRCHARACTERISTICS OFRIVER SYSTEM IN FIGUREL

Reservoir Levels [acre-feet] Vs

in Algorithm [, to iteratively update the values ef and s | Ly L LY LT ns,t | [$lacre-f]
7¢, until arriving at an optimal set of offers. We use the A | 6000 117000 47000 47000 40| 340
notational convention\’ (1,74), to represent the hydroelectric B | 700 1300 %00 909 S0 10

> LU N (T, Ta), LOTEP lyaroe C | 33000 129000 46700 46700 170 250
offer-optimization problem (including all of the lineaaitions D | 180 300 300 300 5 |0
described thus far), which depends on the values ofsthe
and r, parameters in the objective. We also use the notation

TABLE II

x € argmaxN (7, 7,) to denote thatr is an optimal vector

. . . POWERHOUSECHARACTERISTICS OFRIVER SYSTEM IN FIGURE[
of hydroelectric operation and offer, SO dispatch, and gner

and AS price variables in the offer-optimization problem. Rp,q [MW]
Qn ey [acre-ft! v, Reg. Reg. Non
- — - h | [MW] MWh] [hr] Down Up Spin  Spin
Algorithm 1 Equilibrium Computation 112000 07 0 | 1000 1000 1000 1000
1. k<0 > Initialize iteration count 2 | 150 05 0 |0 0 50 50
w20 and o tor all at Initial 3 | 150 0.5 0o |o 0 144 144
2: T < Ty an .Tz.z,t — Ta,t orala,t,w > INitialize 4 50 1.7 0 0 0 50 50
penalty coefficients
3: repeat
4 kek+1 TABLE Ill
) k RESERVOIRCHARACTERISTICS OFRIVER SYSTEM IN FIGURE]
5. af — argmax N (7,7,)
K K .
6: T = AT and Ty, — Ay forall a,t,w Reservoir Levels [acre-feet] vs
7 until ||2F —2F 1| <eor k> k s | Ly Lt Lo LT ns: | [$lacre-f]
A | 750000 1020000 820000 820000 O | 85
B | 25000 49500 40000 40000 90| 70
Algorithm [ begins by initializing the iteration countercan ~ € | 2000 2500 2000 2000 3010
o D | 3500 4000 4000 4000 500 O
the deV|f';1t|_0n penalty terms_(Steps_ 1-2). It then solves the g | 3600 5500 4500 4500 3 | o
offer-optimization problem with the incumbent penaltynber F | 700 1000 1000 1000 3|0
i1nG | 3200 4000 3700 3700 80| 0
and updates the penalty terms based on the new solution 200 1000 500 800 00| 0

(Steps 5-6). The superscriptindicates the solution found

in the kth iteration of the algorithm. It continues resolving . .
the problem with updated penalty terms until the same so-The hydroelectric generator forecasts three equallyylike
lution is found in two successive iterations, meaning th5{:enarios with different demand bids and offers from thalriv

the hydroelectric offers and operations are optimal agairg;nerators. Fidl3 ShO_WS the flxg_d pnce—me!)astlc_ demanq n
the correct deviation penalties, or the iteration limi, is 2" scenar. There is an additional 7-13% price-elastic

exhausted (Step 7). The iteration limit is included becaug mand in each hour, with willingness to pay of $33-68/MWh.

we cannot guarantee that AlgoritHth 1 converges to such e bottom half of Fig[I3 shows the resulting hourly en-

equilibrium in a finite number of iterations. In our numetica®9y Prices when the price-inelastic and -elastic demanels a

case studies (discussed in Secfiah V) the algorithm coaeer

o ; > 3This demand is bid into a market with a willingness to pay A3S®MWh,
within four iterations.

implying that the SO only curtails it in exigent circumstaac



TABLE IV
POWERHOUSECHARACTERISTICS OFRIVER SYSTEM IN FIGURE[]

prices, the hydroelectric generator then determines theahc
feasible operation of its units, considering the true wsited

Bp,a [MW] constraints. This is done using the following operation eipd
Qn ep [acre-ft! ¢, Reg. Reg. Non hich is defined f h . .
h | [MW] MWh] [hr] Down Up Spin  Spin whnicn IS defined 1or eacn scenarto, as.
1| 40 3.7 T |0 0 0 0
2170 11 0 | 120 120 120 120 . w Wt | sw—
3115 17 0 | 114 114 114 114 min Z = Xm0, + 6, ) (67)
4| 110 24 1 | 112 112 112 112 teT.heH
5 | 20 1.6 1 |o 0 0 0
6 | 40 0.7 2 | 40 40 40 40 W pw w |.
7 | 60 0.5 2 | 60 60 60 60 + Z AatCha ¢+ Z UsZht |5
8 | 35 5 0 35 35 35 35 acA s€S:hep(s)
9120 26 0 | 120 120 120 120 s.t. (@)-CD: (68)
t. :
A sw,— . ,
5;‘jt ,5;‘jt 1 Cirat 20 Vi, a,t,w (69)

cleared against the non—hydroelectr_i_c resources offenéd i\ynere the SO's hydroelectric dispat¢ r) is held equal to
the market unqler the three scenario®.( we assume that iha solution from the SO’s problem. ObjectifEX67) mininsize
the hydroelectric generator offers no energy or AS and solygs sum of energy and AS deviation costs, given by the
the dispatch problem considering non-hydroelectric gestin —X\em - (097 + 697) and A ¢, ,m terms, respectively,
offers only). and hydroelectric generation costs, given by they , terms.
Constraints [[14)E@7) from the offer-optimization prahle
represent the watershed’s true capabilities and contstrf@h)
impose non-negativity.

The second offer strategy that we consider uses the offer
optimization model outlined in Secti@nTlIB with the linéza-
tions discussed in Sectidnllll.

14000 ——————T—
13000 - —— Scenar!o 1

= # = Scenario 2
12000} ' % ' Scenario 3

C. Hydroelectric Dispatch, Deviations, and Profits

Scenario 1
= = = Scenario 2

| e s . | Table[M summarizes the expected financial performance of

the two watersheds using the two offer strategies. The finhnc
performance is broken down between revenues earned and
water costs and deviation penalties borne. The optimiziedf

Energy Price [$/MWh]

0 KEY, 1 perform considerably better than making offers according t
r \ b agege . .

= the true capabilities of the powerhouses, increasing dggdec
e et e v 8 o 1011213141516 17 151902122 2304 Profits of the watershed in Fidl 1 by close to a factor of

Hour three. The table shows that the offer-optimization modgiiéi
icantly increases hydroelectric generator revenues atutes
deviation penalties. With the simple river system deviatio
penalties are completely eliminated whereas with the other

We assume thatn = 1.15, meaning that the penaltySome dispatch deviations are allowed by the optimal offers.
on hydroelectric deviations is 115% of the energy or A& the latter case the offers are structured in such a way to
price. The models are formulated using version 12.1.0 of tk@pture higher profits in one of the three scenarios, thattres
AVPL mathematical programming language and solved usiffyan infeasible dispatch in another scenario.
the branch and cut algorithm iBPLEX version 12.2.1. The

. . TABLE V

m.odels are solved on a quad-core 2.7 GHz Linux workstation gypecrepHypROELECTRICGENERATORPROFITS[$ THOUSAND]
with 4 GB of RAM.

Fig. 3. Fixed price-inelastic loads and energy prices witlemy hydroelectric
supply in three scenarios.

River Riverl2
‘True’ Optimized  ‘True’  Optimized
B. Hydroelectric Offer Strategies Revenues 252 400 818 1209
. . . Water Costs 130 175 80 269
We contrast hydroelectric dispatch, actual operationd, an peviation Penalties| 45 0 18 11
profits in two cases. The first assumes that the hydroelectric Net Profits 7 225 721 929

generator provides the SO with ‘true’ cost and constraita.da

In this case each powerhouse’s generating and AS capacitie®ur offer-optimization model is also solved very efficigntl
and a generation cost, based on generating efficiency amingCPLEX. Optimizing the offers for the river system shown
water value, are submitted to the SO. The SO uses thase=ig. [ requires three iterations of AlgoritHth 1 and 20.3 s
costs and constraints in its dispatch, given By {IT}-(12), & wall clock time. The more complex river system requires
determine the hydroelectric generator’s dispatch andggnefour iterations of AlgorithnfIl and 443.7 s of wall clock time.
and AS prices in each of the three scenarios modeled. Basednother benefit of the hydroelectric generator optimizing
on the dispatch given by the SO and the resulting marki&t offers is that it reduces infeasibilities in the SO’spditch.



10

This means that the SO is better optimizing the use of the ACKNOWLEDGMENT

hydroelectric and other generating resources, giving aemor Thank you to A. Svoboda for introducing me to this prob-
efficient dispatch. We can measure this efficiency gain ¥m. The author also benefited from feedback and discussions
comparing the optimal value of objective functidd (1), afteyith A. Sorooshian, participants at the 2007 Advanced Work-
the system is redispatched around the hydroelectric gemera shop in Regulation and Competition: 20th Annual Western

actual operations. To do this, we first determine the trygynference, four anonymous referees, and the editors.
operations of the hydroelectric generators by solvind 67)

@39). Actual hydroelectric energy and AS supply, as given REFERENCES

b_y this model, are th_en .ﬁxed in the SO’s d.|5patCh problem[i] Y. Ikura and G. Gross, “Efficient Large-Scale Hydro Syst8cheduling
given by [1)-IR), which is solved to determine how the non- ~ with Forced Spill Conditions,IEEE Transaction on Power Apparatus
hydroelectric assets are operated. Tdhle VI summarizes the and Systemsvol. PAS-103, pp. 3502-3520, December 1984.

. in th d t | ith th N tHZ M. R. Piekutowski, T. Litwinowicz, and R. J. Frowd, “Optal Short-
Increase In the On_e'_ ay_ System surplus wi e use O ) Term Scheduling for a Large-scale Cascaded Hydro SystHBEE
proposed offer-optimization model, as opposed to submyitti Transactions on Power Systemal. 9, pp. 805-811, May 1994.

‘true’ offers based on actual powerhouse capabilities.only [3] Z. K. Shawwash, T. K. Siu, and S. O. D. Russell, “The B.C.dHy
Short Term Hydro Scheduling Optimization ModdEEE Transactions

TABLE VI on Power Systemsol. 15, pp. 1125-1131, August 2000.
INCREASE INSOCIAL SURPLUSWITH USE OFOFFER-OPTIMIZATION [4] A. B. Philpott, M. Craddock, and H. Waterer, “Hydro-efic unit com-
MODEL AS OPPOSED TO'T RUE' O FFERS mitment subject to uncertain demang&gropean Journal of Operational

Researchvol. 125, pp. 410-424, September 2000.
[5] J. P. S. Catalao, S. J. P. S. Mariano, V. M. F. Mendes, and.LF. M.
E\ﬁ\latershed| gggplus Increase [$ Thousand] Ferre_ira, “Scheduling of Head-Sensjtive Cascaded HydrsteBys: A
7] 620 Nonlinear Approach,”IEEE Transactions on Power Systenwl. 24,
pp. 337-346, February 2009.
[6] H. M. I. Pousinho, J. Contreras, and J. P. S. CatalaooftSterm optimal
scheduling of a price-maker hydro producer in a pool-bassdadhead
V. CONCLUSIONS market,”|IET Generation, Transmission & Distributiprol. 6, pp. 1243—
. . . . 1251, December 2012.
This paper proposes a stochastic bilevel modeling approagh) H. Gfrerer, “Optimization of Hydro Energy Storage Plaoblems by
to optimize the offers of a cascaded hydroelectric systdm in  Variational Methods, Zeitschrift fur Operations Researchol. 28, pp.
a centrally dispatched market. The lower level represdms t _ B87-B101, June 1984.

, L . . [8] W. Bauer, H. Gfrerer, and H. Wacker, “Optimization Ségies for Hydro
SO's economic dispatch model, which gives the hydroelectri * gnergy storage PlantszZeitschrift fiir Operations Researchol. 28, pp.

dispatch schedule and market prices for a set of hydro@ectr  B103-B131, June 1984.

offers. The upper level includes actual constraints on th@] S.-E. Fleten and T. K. Kristoffersen, “Stochastic pramming for opti-
tershed. which the SO d t t for in its di tch mizing bidding stre_ltegies of a Nordic hydropower prodtcExyropean
watershed, whic € 0€s not accountior In Its AispatCn.  joyrnal of Operational Researchvol. 181, pp. 916-928, September

These constraints are included to model how the hydro@ectr  2007.

lants are actually operated to maximize profits less piesaltl10] E. Faria and S.-E. Fleten, “Day-ahead market bidding doNordic
? deviati f y thp SO's di tch Thp bined del hydropower producer: Faklng the Elbas market into accbudomputa-
or geviating from the S dispatch. I'he combined moael  tional Management Sciencgol. 8, pp. 75-101, April 2011.

is used to determine how hydroelectric offers should h#l] S.J.Kazempour, M. P. Moghaddam, and G. R. Yousefi, *Sefieduling

structured. The hydroelectric generator faces a fundaahent ©f @ price-taker hydro producer in day-ahead energy andamcservice
markets,” in 2008 Electric Power Conference Vancouver, British

tradeoff ir_] structuring these offers, which our model cagsu Columbia, Canada: Institute of Electrical and Electroricgjineers, 6-7
Less flexible offers €.g., a self-schedule only) foreclose on  October 2008.

potential gains if the generator incorrectly forecasts katr [12] S- J. Kazempour, M. Hosseinpour, and M. P. MoghaddanelfS
diti M flexible off I f h . but sghedullng of a joint hyd‘ro and pumped-storage plants imggnepin-
condruons. More tiexible orrers allow 1or such gains, butymna ning reserve and regulation markets,”2609 Power & Energy Society

result in the SO dispatching the powerhouses infeasibly. General Meeting Calgary, Alberta, Canada: Institute of Electrical and
We show how the bilevel problem can be converted into 3{13] Electronics Engineers, 26-30 July 2009.

ival ingle-I | d . le i . A. Ahmadi, J. Aghaei, and H. A. Shayanfar, “Stochasttf-scheduling
equivalent single-level MILP and propose a simple itegati of hydro units in joint energy and reserves markets,”2@11 19th

algorithm to efficiently solve for an optimum. We use two nu-  Iranian Conference on Electrical Engineering Tehran, Iran: Institute
merical case studies, based on actual watersheds in theQCA|S  ©f Electrical and Electronics Engineers, 17-19 May 2011.

. 4] H. Abgottspon and G. Andersson, “Strategic bidding o€ibary ser-
control area, to demonstrate the eﬁ'cacy of our model. Our vices for a hydro power producer,” 2013 10th International Confer-

numerical case study shows that the optimized offers iserea  ence on the European Energy MarketStockholm, Sweden: Institute
hydroelectric profits and reduce SO dispatch infeasiediti _ ©of Electrical and Electronics Engineers, 27-31 May 2013.

d bmitti . " off b d | \,{115] K. C. Almeida and A. J. Conejo, “Medium-Term Power Digga
compared to submitting ‘true’ offers based on actual pow- " j, Predominantly Hydro Systems: An Equilibrium ApproachZEE

erhouse capabilities. We also show that the optimized ®ffer  Transactions on Power Systenvel. 28, pp. 2384-2394, August 2013.
improve overall system efficiency. This is because the S&I J. P Molina, J. M. Zolezzi, J. Contreras, H. Rudnickdan. J. Reveco,

. . . “Nash-Cournot Equilibria in Hydrothermal Electricity Maats,” IEEE
dispatches the other non-hydroelectric resources ‘ctiyrec Transactions on Power Systenw®l. 26, pp. 1089-1101, August 2011.

since it does not expect hydroelectric output that is inféas [17] L. E. Ruff, “Stop Wheeling and Start Dealing: Resolvitigs Transmis-
We model a simplified system without power flows in th sion Dilemma,"The Electricity Journalvol. 7, pp. 24-43, June 1994.

. . . . 18] J. Fortuny-Amat and B. McCarl, “A Representation andof@mic
SO d|spatch, head-dependent powerhouse efficienciesher o Interpretation of a Two-Level Programming Problefitie Journal of the

powerhouse non-convexities. We discuss how these complexi Operational Research Societyol. 32, pp. 783-792, September 1981.
ties can be incorporated into our proposed model. We restd®] A. G. Bakirtzis, N. P. Ziogos, A. C. Telidou, and G. A. Bezs,

. hi . lified del struct ¢ th Electricity Producer Offering Strategies in Day-Aheadelgy Market
our allttentlon- tO_t IS Simplmed model structure 10 ease € i step-wise Offers,IEEE Transactions on Power Systems|. 22,
notation, derivations, and exposition. pp. 1804-1818, November 2007.




[20]
[21]
[22]
[23]

[24]

[25]

[26]

[27]

[28]

C. Ruiz and A. J. Conejo, “Pool Strategy of a Produceihdogenous
Formation of Locational Marginal PricedEEE Transactions on Power
Systemsvol. 24, pp. 1855-1866, November 2009.

Business Practice Manual for Market Operatior007.

R. Sioshansi, “When Energy Storage Reduces SocialaréglfEnergy
Economicsvol. 41, pp. 106-116, January 2014.

D. P. BertsekasNonlinear Programming2nd ed., ser. optimizaton and
computation. Belmont, Massachusetts: Athena Scientifi®51

E. C. Finardi and E. L. da Silva, “Solving the Hydro Unib@mitment
Problem via Dual Decomposition and Sequential Quadratayam-
ming,” IEEE Transactions on Power Systemsl. 21, pp. 835-844, May
2006.

A. L. Diniz and M. E. P. Maceira, “A Four-Dimensional MeH of
Hydro Generation for the Short-Term Hydrothermal Dispatbblem
Considering Head and Spillage Effect$2EE Transactions on Power
Systemsvol. 23, pp. 1298-1308, August 2008.

I. Rajsl, P. llak, M. Delimar, and S. Krajcar, “DispatdMethod for
Independently Owned Hydropower Plants in the Same Rivew,Flo
Energies vol. 5, pp. 3674-3690, September 2012.

H. M. I. Pousinho, J. Contreras, A. G. Bakirtzis, and & R S.
Catalao, “Risk-Constrained Scheduling and Offering tBgies of a
Price-Maker Hydro Producer Under UncertaintyZEE Transactions
on Power Systemsol. 28, pp. 1879-1887, May 2013.

A. Borghetti, C. D’Ambrosio, A. Lodi, and S. Martello,Ah MILP
Approach for Short-Term Hydro Scheduling and Unit Commitine
With Head-Dependent ReservoilEEE Transactions on Power Systems
vol. 23, pp. 1115-1124, August 2008.

Ramteen SioshansiM’'11-SM’'12) holds the B.A.

the M.S. and Ph.D. degrees in industrial engineering
and operations research from the University of Cal-
ifornia, Berkeley, and an M.Sc. in econometrics and
mathematical economics from The London School
of Economics and Political Science.

He is an associate professor in the Integrated
Systems Engineering Department at The Ohio State
University, Columbus, OH. His research focuses on

renewable and sustainable energy system analysis

and the design of restructured competitive electricity kats.

degree in economics and applied mathematics and

11



	Index Sets
	Market Bids
	Hydroelectric Generator's Offer Parameters
	System Operator's Dispatch Variables
	Hydroelectric Generators' Cost and Constraint Parameters
	Hydroelectric Generator Operations Variables
	Introduction
	Models
	System Operator's Welfare Maximization
	Hydroelectric Generator's Offer Optimization
	Extensions of SO and Offer-Optimization Models
	Self-Schedules
	Load Flow
	Head-Dependent Powerhouse Efficiencies
	Powerhouse Non-Convexities
	Multiple Ownership


	Linearization of Hydroelectric Offer-Optimization Problem
	Bilevel Optimization
	KKT Complementary Slackness Conditions
	Energy and Ancillary Service Revenues
	Deviation Penalties

	Case Study
	Case Study Data
	Hydroelectric Offer Strategies
	Hydroelectric Dispatch, Deviations, and Profits

	Conclusions
	References
	Biographies
	Ramteen Sioshansi


