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Abstract—Two desirable properties of electricity market mech-
anisms include: i)revenue adequacy for the market, and ii) cost re-
covery for all generators. Previously proposedstochastic market-
clearing mechanisms satisfy both properties in expectatio only,
or satisfy one property by scenario and another in expectatin.
Consequently, market parties may perceive significant risg to
participating in the market since they may lose money in one
or more scenarios, and therefore be discouraged from offenig
in the market or perhaps even from investing. We develop a
stochastic two-stage market-clearing model including dayahead
and real-time settlements with an energy-only pricing schee
that ensures both properties by scenario. However, this appach
is cost-inefficient in general and may sacrifice other desifae
market attributes. Undesirable consequences include: ongroup
of participants will have to pay more to ensure that all other
participants have their costs covered, and thus their price will
not be equilibrium supporting; and day-ahead and real-time
prices are not arbitraged in expectation, although this canbe
fixed by allowing virtual bidders to arbitrage but at the potential
cost of increased market inefficiency. Considering these ps and
cons, we propose our model as an appropriate tool for market
analysis, and not for clearing actual markets. Numerical results
from case studies illustrate the benefits and costs of the pposed
stochastic market design.
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NOTATION

Indices and Sets:

d Index for loads

Index for conventional generators

Index for wind power generators

Indices for nodes

Index for wind power scenarios

Index for virtual bidders

Set of nodes connected to node

» Set of generators and loads located at node
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Constants:

B,, » Susceptance of transmission lings) [S]

C; Offer price of generator [$/MWh], equal to its
marginal cost

Capacity of transmission linen(m) [MW]

Power consumption of load [MW]

Capacity of generatar [MW]

Maximum power adjustment limit of generatoiin
real-time market [MW]

Value of lost load for load! [$/MWh]

Wwind power realization of generatdr in real-time
market under scenario [MW]

wira Installed capacity of wind power generato{MW]

O Probability of scenaria

Fn,m
Ly
P_rnax
1
adj
7
Va
Wk,s

Day-ahead scheduling variables (first-stage):

bDA  Trading quantity of virtual bidder [MW]
1?,131 Power flow from node: to nodem [MW]
IPA Power consumption of load [MW]

Power output of generatar[MW]

wP®  Power output of wind generatér [MW)]
6PA  \oltage angle of node [rad]

Real-time operation variables (second-stage):

bRT  Trading quantity of virtual bidder [MW]

SR, < Power flow from node: to m under scenarie [MW]

IXT Incremental power consumption of loadMW/]

I5hed Involuntarily shedding of load! under scenarios
(MW]

pzf};f Power adjustment of generatérunder scenarics
(MW]

wit  Deviation of wind generatoi: under scenarios
(MW]

0% \Voltage angle of node under scenaria [rad]

Dual variables:

ADA " Day-ahead locational marginal price at node
[$/MWh]

AL Probability-weighted real-time locational marginal
price at noden under scenarig [$/MWh]
w,p  Set of dual variables corresponding to day-ahead and

real-time constraints, respectively
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I. INTRODUCTION a stochastic equilibrium problem that can be recast as admnixe

D UE to an increasing contribution of renewable enerdfjt€ger linear programming (MILP) problem.
sources to electricity markets, new mechanisms a):\e

needed to cope with their production uncertairByochastic "
market clearinghas been proposed by many researchers, andl here are several strands in the literature that have tedisi
could have a number of benefits in terms of managing vafonventional deterministic market designs under renesvabl
ability and uncertainty more efficiently. In stochastic ket uncertainty. The first strand maintains the deterministid a
clearing models, uncertain parameters, e.g., wind power ppequential structure of real-world electricity markety [3ut
duction, are characterized through a finite set of plausibfiiroduces new market products, e.g., flexible ramp [[4]-[5]
scenarios and their corresponding probabilities. Compare These new products help deterministic mechanism to become
deterministic model with a certain wind forecast, the stmtic More flexible against wind power uncertainty. The second
one, in theory, leads to a lower expected system cost, asgunditrand explores a “robust” design for market clearing []-[
that a realistic range and probability distribution of saeos This mechanism considers an uncertainty set for the dewiati
are considered. The reason for this is that in the detertinisof wind power production from the conditional mean forecast
model, the operational reserve requirements are enforized ¥ DA, and then clears market optimally against the worsteca
exogenous values, while those requirements are endoggnot@alization while ensuring that the outcomes are feasiote f
optimized within the stochastic market-clearing model. ~ @ny potential wind realization within the uncertainty set.

In general, it is desirable that any market-clearing model, The third strand, which is the focus of our paper, defines
either deterministic or stochastic, has a pricing scheraettas 2nd analyzes stochastic market-clearing mechanismgI2p]-
the following two short-run properties: igvenue adequadyr which consider a set of scenarios basec_i on po_SS|bIe DA w!nd
the market, and iilcost recovenyfor each generator and forand load forecast errors. This stochastic clearing meshani
transmission operator, in which market revenues covertshdhakes the DA decisions while explicitly recognizing what
run (but not necessarily capital) costs. The first propémy, adjustments are required in RT for each of all foreseen
revenue adequacy, refers to a condition in which the mark&&enarios. For instance, reference! [13] proposes a stichas
operator never incurs a financial deficit. In other words, tféuilibrium model for clearing a two-settlement DA-RT mar-
payments that the market operator receives from consumégé While conS|de_r|ng renewable premiums and risk aversion
is higher than or equal to its payment to the generators, Cgf_produ_cers_. A dlstrlbuted_form of stochastic market-dlez
tailed loads and transmission operdidihe second property, Mechanism is developed in_[14]. Reference! [15] proposes a
i.e., cost recovery, corresponds to a condition in which ttfochastic two-settlement DA-RT market-clearing modat th
short-run profit (or “gross margin”) of each generator, @ith €nsures incentive compatibility, but the market might net b

conventional or non-dispatchable renewable, and trasionis "eévenue adequate in expectation. _ _
operator is non-negative, i.e., the revenue of that plager i One important observation is that the available stochastic

higher than or equal to its operating costs. market-clearing models in literature fulfill cost recoveayd

A barrier for stochastic market clearing is that heretofof€venue adequacy in expectation only, elg.| [10] and [1d], o
no stochastic market design has been proposed that is sin%@iiSfy one property by scenario and another in expectation
taneously revenue adequate for the market and allows for c89-» [16] and [[17]. We now explain why this might be a
recovery for all generators through market prices. StahddfiSadvantage for the available stochastic market desigmes.
US practice (uplifts to cover losses) is not revenue adequilexibility providers (e.g., fast-start generators and tismand
[11-[2], and market parties will be distrustful of a stoctias '€SPONSe resources) are the main market parties thatipatéic
system with probabilities they do not control and that couff POth DA and RT markets. The participation of these flexi-
expose them to losses in some scenarios. bility providers is essential for well-functioning of eleicity

In this paper, we are interested in answering the foIIowidBarketS with significant renewables. However, they may lose
technical questions: is it possible to design a stochastiket- MONeYy in one or more scenarios under the available stochasti
clearing mechanism that would satisfy revenue adequacy &#fFi9ns, though their expected profit is non-negative. This
cost recovery for each individual scenario? And if so, whagight discourage the flexible producers from making offers i
is the “price” of doing so in terms of sacrificing otherSNOrt run or perhaps even investing in long run, especiélly i
desirable market attributes? To answer these questions, Yy Perceive significant risks from market participatiomer
consider a two-settlement electricity market, includirayd & stochasnc_ clearing mechanlsm. Therefore, any stochasti
ahead (DA) and real-time (RT) settlements, and proposen@rket-cleanng mechanism that ensures cost recoverydsy sc

stochastic clearing model. This proposed mechanism iscin f82ri0 is more appealing for those producers. To this purpose
one potential alternative that is compatible with currel@ U

IWe note that the issue of revenue inadequacy is also fregudistussed practice is to consider uplift payments to cover the poénti
in the context of financial transmission rights (FTR); reveradequacy for financial losses of producers but at the cost of sub-opiniynal

FTRs is defined as occurring when the market operators cbogesvenues . . ..
are assured to be at least as much as the payouts to FTR holdess since the Uphft system Is indeed an ex-post procedure.eTher

issue is distinct from the issue of bid cost recovery and egient uplits are also a few papers in the literature that explicitly imgpos
to consumers that we focus on in this paper, since marketatiperdo not the cost recovery condition for all producers as part of mark

consider FTR revenue adequacy when determining cost mac@ayments | . traints. F 16 T18 lift
to generators or uplifts charged to consumers. Therefoeedavnot consider clearing constraints. rFor example, [ ] proposes an dpl

revenue adequacy issues associated with FTRs in this paper. free market-clearing model with non-convexities (binarg O

Literature Review and Contributions
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variables indicating the commitment and start-up status oicluded in the stochastic optimization, should be a good
thermal units), but under deterministic conditions. A $ami approximation of the distribution of out-of-sample sceosyr
model but augmented for a two-settlement DA-RT stochastiten our numerical results indicate that there is a very high
system with renewables is proposed|ini[19]. Both referencpsobability that revenue adequacy and cost recovery will be
[18] and [19] includeexplicit constraints within their proposedachieved under any given out-of-sample scenario. Noteitthat
market-clearing models to enforce the cost recovery camdit is a numerical observation only, and it is not straightfava
per generator (and per scenariolinl[19]). These constramets to mathematically prove that the proposed market design
nonlinear (due to a revenue term including a product of priceecessarily ensures cost recovery and revenue adequacy for
and quantity variables), and may need a considerable numbgry out-of-sample scenario.

of auxiliary binary variables to be approximately lineadz In It is worth mentioning that all available stochastic market
addition, [18] and[[19] do not address the market's efficjenclearing mechanisms in literature (as well as our proposed
and revenue adequacy problems. stochastic market design) are theoretical models and naves h

To the best of our knowledge, there is no stochastic markéeen implemented in actual electricity markets. The reason
clearing mechanism in the literature thatplicitly guarantees is that the stochastic clearing models have difficulties for
both revenue adequacy and cost recovery by scenario, whiclplementation in practice. For example, they place a large
is in fact the novelty of the current paper. In other wordfurden on the market operator to acquire and process proba-
our proposed market design guarantees those two desirdiilistic data needed for stochastic clearing (e.g., distion of
properties by scenario without enforcing any explicit deaist wind power across scenarios and their probabilities). Hewe
for cost recovery and/or revenue adequacy. stochastic clearing models (including our proposed maoched)

As the main contribution of this paper, we develope viewed as benchmarks since they provide a lower bound for
a stochastic market-clearing mechanism with mathematithé system co&t.This benchmark can be used for assessing
proofs that it implicitly satisfies revenue adequacy andt case performance of clearing models in actual markets (e.g.,
recovery for each individual scenario. However, this afipga deterministic designs), and for understanding the effiien
characteristic is achieved at the cost of potentially io loss that can occur if cost recovery by scenario is to be
some or all three of the following desirable market propsrti guaranteed through energy prices alone.

(i) DA and RT prices are arbitraged in expectation,

(i) prices are supporting of schedules for all market st

and
(iii) system cost is minimized. We now review some general assumptions of this paper

about the market parties. First, we assume that wind power
oduction is the only source of uncertainty. A two-stageeel
city pool (DA-RT) is assumed, being perfectly competiti
Eergy—only, and all players have same information in DA

B. Model Assumptions and Paper Organization

The first desirable market property lost, i.e., arbitragd#y
and RT prices in expectation, can be restored by allowir
virtual bidderf to arbitrage between the two markets, bu
at the cost of increased market inefficiency for some oth o ) S
participants. Another drawback of the proposed stochasﬂ out the distribution of wind power scenarios in RT. The

market design, compared to those [n1[10F[12], is that it joads are assumed to be inelastic with respect to price. For

formulated as arequilibrium model (similar to [13]) instead §|mpI|C|ty, we consider a single-hour electricity pool @nno

of an optimizationproblem, and eventually results in a MILP'Cn;ﬁr';e.Tepgrzl.nC;rnStg.gtbsl(fsr?nznggtr%edt'hzoci\gﬁ.{::g::&

problem (similar to [[17]{[10]) rather than a linear program Vexities, binary varl indicating tf ) ' .

ming (LP) one of conventional generators are not considered; the assumpt
’ f convexity is necessary for the proofs of this paper. A

The main insight provided by our proposed StOChaStlcearized lossless DC representation of the network idl irse

market-clearing model is that the satisfaction of reven o . . . .
adequacy and cost recovery for each individual scenario h DA and RT, y|e_ld|ng Iocgtlonal marginal prices (LMPs).
ind power production cost is assumed to be zero.

a price, in that the cost of serving load may increase. Th Th ind ¢ thi . ved oll S
requires making drade-off between the desirable properties, € remainder ot this paper 15 organized as Tollows. Sec-
gained and those lost. We propose to view this stocha fn Il presents a ge”e“’?" stochastic market-clgarlng inode
clearing mechanism as an appropriate tool for market aBaI;%ased on ones in the literature. Section Il first presents
t

and policy discussions of trade-offs, but not for use in ficac e proposed modell n the form_of an equlllbrlum prob-
to clear a market. lem, and then describes its solution technique. Section IV

Our extensive numerical results (Section IV.B) demonetra?rov'des and discusses the numerical results from a simple
that for the case StUdy considered, the proposed model Su@I'n case the actual electricity markets decide to use a mal&ating model

cessfully achieves cost recovery for generators and r&eRpilar to the one proposed in this paper, the method usedli@ DA unit
adequacy for market not only by foreseen (in-sample) se@nagommitment problem should also be modified. One potentiptagrh could

: : the use of a Walrasian auction. In this iterative mechanthe market
but also _by unseen (out-o.f-salfnple) scenario. A_key p(_)ll’lt 5gerator specifies a set of prices, and then each marketipart decides
that the in-sample scenarios, i.e., those scenarios Whigh @& own commitment and dispatch decisions. Then, based eparicipants’

dispatch decisions, the market operator checks whetheal pasiver balance
2The virtual bidders are financial players who own no physisaets and conditions hold or not. If not, the operator systematicaltfjusts the prices
buy/sell in the day-ahead market and then sell/buy the samoaiat back in  and generates a new set to be disseminated among partici@intilar (but
the real-time markef [20]-[24]. They are a part of marketypta in some US non-stochastic) market designs based on a tatonnemecegsr@re available
electricity markets, e.g., CAISO and PJM. in [25] and [26].
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test system and the IEEE two-area reliability test systemf)\, < F™2  :pt  — Vn,Vm € ®,,Vs (1n)
(RTS), to illustrate the properties of our model. Section V@R’Til) —0 ! Vs, (10)
concludes the paper. Appendix A derives the Karush-Kuhn-"~""* *
Tucker (KKT) optimality conditions of the stochastic marke Constraint[(Ib) represents the DA power balance at nade
clearing model presented in Section II. Appendix B obtaltes t whose dual variable\{*) provides the day-ahead LMP at
KKT optimality conditions of the proposed market-clearinghat node. Constraints ([lc) and [1d) enforce the lower and
model. Appendix C mathematically proves that the propossg@per bounds for production schedules of conventional and
model is revenue adequate by scenario. Appendix D provided power generators, respectively. Constraini (1e) inbta
a mathematical proof for cost recovery of all generators atige power flow schedule across transmission lines as furetio
transmission operator by scenario. Finally, Appendix Bvasr of nodal voltage angles. The capacity of each transmission
a linear expression to be used in the proposed model.  line is enforced through{lLf), and constraifit](1g) sets node
n = 1 as the reference node. Regarding operating conditions
Il. A GENERIC STOCHASTIC MARKET-CLEARING MODEL in RT, constraint [(Th) represents the power balance in an

Most of the stochastic market-clearing models in the litetaicremental form at node and scenarie, whose dual variable
ature can be stated concisely as a two-stage LP problem(&$.) provides the corresponding probability-weighted real-
given by optimization problenil1) below. The first-stage-prdime LMP. According to[(Ih), wind power deviation in RT is
vides the DA schedules (here-and-now decisions), wheheas fhet by power adjustments of flexible conventional genesator
second-stage adjusts the energy imbalances due to wind podd/or load curtailments. Constrainfs] (1i) afd (1j) linfiet
deviations in RT (wait-and-see decisions). Objective fiomc Power adjustment of each conventional generator. Constrai
(@) minimizes theexpectedsystem cost that includes energylIK) restricts the total wind power production of each gatmr
dispatch costs in DA, expected adjustment costs in RT, affd each scenario, i.e., the DA wind schedule plus its deat
expected load shedding costs in RT. This objective functiéh RT, to lie within zero and wind power realization (i.e.,
is subject to scenario-independent DA constraifid -(1uncertain parametedl;, ;). Note that this constraint allows
and scenario-dependent RT constrainf$ (Lh)-(10). Notehbka €xcess wind power to be spilled. Constralin (1) limits tineel

dual variables are listed alongside each constraint: of unserved load. Finally, constrainfs {1rh)(10) are simib
(1€)-[1g) but for RT operation.

Minimi . pDA As mathematically proven in_[11], the stochastic market-
pPA wDA fDA ygDAVL,r}e'Tr%%%lzhgdy 'RT  RT Z iPi clearing model{ll) ensures revenue adequacy and cost rgcove
' ' e ! in expectation providing that an energy-only pricing scheme

‘ : ) i DA
i Z‘bs {Z c p;{;r + Z Vi l;}?d} (1a) 'S cons.u.jered. based on Qay ahead L.MF;g+ e n, ar?d
s i d probability-adjusted real-time LMPs, e Vn,Vs. This
subject to: result necessarily assumes convex costs, e.g., no binatry un
DA DA commitment variables. Hereafter, modél (1), which repnese
D Lat X fim= P a typi i | in the litati
. ypical stochastic market-clearing setup in the liteatis
dedn meq’SA ZGI‘)I’Z called modelM1.
- Z wip” =0 A7 Vn (1b)  Inspired by[27] that refers to a deterministic but oligdpel
kev, tic market, we mathematically prove that optimization mode
0 < pPA < pmax T (1c) M1 is equivalentto an equilibrium model given by{2)4(6)
0<wPA<wmax W Wy 1q) Pelow. We refer_ to this e_quwalent eqwhbnum_modelw.
= K DA kDA g{’: Hi 0 (1d) The basis of this proof is that the KKT conditions of model
B (0% = 07) = nom - Hnom M1 are identical to the equilibrium conditions of model2,
VYn,Vm € ®, (1e) as shown in Appendix A. To define the equilibrium problem
fOA <opmax O F g Y e B, (1f) M2, it is necessary to defing a profit-maximi_zgtion problem
DA o for each market player, obtain the KKT conditions for each,
Om=1) =0 :p (19)  and finally concatenate them with market-clearing condgio
Z (- Eﬁ) - Z piT — Z wit (power palgnc_e). Within the equivalent equilibrium modgl
med, iew, kew, /\/l2,. opt|m|zat|on problem[{2) presents _the expected profit-
B Z [shed — g L ART gy v (1h) maX|m|zat|on problem for each conventional generatas
' given below:
dev,
0< (% +pits) < PP 2 pl B, Vi, Vs (Li)
SRS S SR N (A T (1) {Mgﬁi”yge PPt (Aiew, = Ci)
S ’ P iPis
0< (WP +wiT) < Wi  :pV .50, VY 1k
_ (:::d ’ ’LUk.’S) _she:’ —shed Bk,87 pk#s v ( ) + Zp?rﬁr |:/\Esz€\I/ ),s ¢s CZ:| (Za)
0<% <Lq PP Vd,Vs @an —" 1E¥n),
B (QRT_HRT): RT ;!

Vn,¥m € ®,. Vs (1m) subject to: [(Tc)(@D, (T)) } Vi. (2b)
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The first row of objective functior (2a) refers to the DA profiA. Proposed Model:

of generatori, whereas the second row is associated with s . .
its expected profit in RT. Similarly, optimization problef)) ( The proposed model in this paper is an equilibrium problem

S , : that includes problem§](7) t6 (110). Hereafter, we refe 7
maximizes the expected profit of each wind power generat(%) as modeJ/F\)/l3 Note Ehé\t%&la)ugmented version of[rzi)((jel
k: \

M3, i.e., modelM3 with virtual bidders, includes problem

(@) as well. We compare the proposed mati€ with model

M2 since both are equilibrium models, while(1 is a single

optimization model. However, recall that modelg(1 and
M2 are equivalent. Compared to mod#t2, the proposed

subject to: [(TH)(IK) } k. (3b) equilibrium modelM3 embodies three main differences, as
follows:

Likewise, optimization problem{14) maximizes the expected First, problems[(2),[{3), andl(4) in modgl2 maximize
profit of transmission operator obtained from energy transghe expected profibf conventional generatar, wind power
tions across lines. In the DA market, the transmission dperagenerator, and transmission operator, respectively. However,
buys powerfD4 at noden at priceAD*, and then sells it at Problems[(¥),[(B), and.[9) within mode¥13 maximize their
nodem at price APA. Similarly, it trades in RT based on theProbability-weighted profit for each individual scenario
incremental power flow: Secondly, modeM3 omits the cost-minimization (or profit-
maximization) of one pre-selected party or set of partigkiwi

. DA DA RT RT
{I\{lu%z‘sl,mgl%e Wy, /\n:kE\Iln,—’—;wk,s /\(n:kE\Pn),s (3a)

o DA DA the equilibrium problem, and thereby, that party cannatciff
f%.,'\e/'g%’f}?fiegg Z { man A the market price formation, and their decisions are unstpgo
’ TS (mEDy) by market prices. This results in the cost of uncertaing. (i.
" Z ( RT DA) \RT (4a) the cost of augmenting market to ensure revenue adequacy and
MM, ST T, cost recovery by scenario) being assigned to that partysesho
N optimization problem is excluded. In our proposed model, we
subject to: [(Te)- (1d), (Im) — (Ld). ap) °P P prop

choose “loads” as the party whose cost-minimization pnoisle
In addition, optimization probleni{5) minimizes the expett are excluded from the equilibrium mod&{3. This selection is
load shedding cost for each inelastic laadwvhich represents consistent with the current US practice, since the loadgipay
the consumer’s problem: uplifts to cover losses. Because the load’s cost-miniridnat
problem is excluded from the equilibrium, this is equivalen

o hed T the operator deciding which market loads will be served day-
M'Qm'ze la)s (¢3Vd - )\(n:dE\Pn,),s) (5a) ahead as opposed to real-time (load will not be allowed to
s s arbitrage) and the total amount that load will pay by scemari
. ) However, this does not mean that the total payments by load
subject to.[@l)} va. (50) in model M3 are necessarily higher than in modeld1

and M2; in fact, as the first example shows later, consumer
@Xpenditures can be lower under model3.

Although we select loads to pay the cost of uncertainty, the
structure of the proposed equilibrium mod#t3 is flexible
(In), @n). (6) and can allow the cost of uncertainty to be assigned to

Similar to modelM 1, the dual variables oF{1b) an@{1h) [ (6)other party. For example, wind power generators would pay

provide DA and probability-weighted RT LMPs, respectivel)}he cost of their own uncertainty if th_ewl prof|t-maX|m|z_at|
These prices are variables within equilibrium model2, problems are excluded from the equilibrium model, while the

but treated as exogenous parameters within the optim'rzat?)ot'm'z_at'pn prob Ietms of co n\I/ecr;UgnaI generators, lozue]
problems [(2){(E). ransmission operator are included.

In modelsM1 and M2, it is straightforward to mathemat- 1 nirdly, the proposed mode#(3 allows the market operator
ically prove that the DA and expected RT prices at each notf sett_le loads in both DA and RT markets._ In contrast, the
are equal, providing that there is at least one market party/32ds in models\1 and M2 are fully settled in DA market.
that node who acts as an unrestrained arbitrager between YY&Nin the proposed model, two scenario-independent non-

and RT markets. The equality of DA and expected RT pric8&9ative variables?* and 5" are defined for each inelastic
is a desirable property, as discussed in [28]. load d referring to its consumption level in DA and RT

markets, respectively. However, the summatiotBf and™
[1l. PROPOSEDSTOCHASTIC MARKET-CLEARING MODEL is fixed to the total load, i.e., parametgy;.

In this section, we first propose a stochastic market-gigari Similar to modelsM1 and M2, we use an energy-only
model as an equilibrium problem that ensures revenue afficing scheme in modelM(3 based on day-ahead LMPs,
quacy for the market and cost recovery for all generators ah@l, A" 7n, and probability-adjusted real-time LMPs, i.e.,
for transmission operatdoy scenario Then, we propose a A(;"S vYn,Vs. We now describe each market party’'s profit-

s

solution technique. maximization problem. Within the proposed modei3, op-

Finally, (8) includes the nodal power balance equalities
market constraints, i.e.,
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timization problem [(I7) maximizes the probability-weigthte Vn,Vm € ¢, (9b)
profit for each conventional generatounder each scenario fy?_,fn < Fmax :ug,m,s Vn,¥m € @, (9c)
0oy =0 tp (o)
L DA (\DA  _ 1
{“i?i'i%? e i R, - ) am - @} v (%€)
/\RT_
+p§;f (w —Cz)] (7a) Finally, conditions [(ID) include the nodal power balance
s equalities in DA and RT as well as load constraints:
subject to:
DA max .. P —P
O S pi S Pz . Hi,svﬂi,s (7b) Z ll]?A —+ Z 717?71?” — Z p?A
dev,, med, i€V,
@. @ o vi.vs. (70) ~ S wPr=0 AN v (10a)
ke,

The objective functio {7a) is multiplied by, to weight prob- RT  shed RT DA RT
lem (@) within the proposed equilibrium mod#t 3. Similar to Z (la —135%) + Z (fam,s = Fom) = Z Wh,s

modelsM1 and M2, the DA schedules, i.epP* are scenario- €%~ medn kETn
independent (enforcing non-anticipativity); howevee thual =D =0 AN vn,vs (10b)
variables associated with DA constraints, |,L_ef’s andz; , in i€,

(ZB), are scenario-dependent (indexedspgince problem({7) DA >0, BT >0, (PA BT 1, g (10¢)

corresponds to scenarioThe KKT conditions associated with hed
() are given in Appendix B. A comparison between the KKT O0<lags” <Las VdVs. (10d)

conditions of conventional generator’s problem in modeig The dual variables of({I0a) an@ (10b) present DA and
and M3, i.e., [2) and[(l7), further clarifies the mathematicgd;opability-weighted RT LMPs, respectively. Similar touiq
differences. For example, the KKT equalify (I#ab) in modghrium model M2, the DA and RT prices are variables within
M2 provides a single condition across all scenarios, while ﬂé%uilibrium model M3, but treated as exogenous parameters
analogous equality in modet13, i.e., [15b), provides a set of wjthin the optimization problem&{7)3(9), and within optira-
conditions by scenario. The KKT conditioris (1#ab) and [15h, problem [T1L) that is presented later.
would be equivalent if the values obtained for dual variable The KKT optimality conditions associated with the pro-
HES’ [ BES’ andp; , in model M3 are identical to values posed model\3 are given by[(I5) in Appendix B. We now
obtained forp, ¥, o717 , ¢s Y-, pt ., ande, 3, i in model  list four properties of modelM3:
M2, respectively. ’ First, as mathematically proven in Appendix C, the cost
Similarly, the probability-weighted profit-maximizationrecovery by scenario is achieved, i.e., the profit of each con
problem for each wind power generatounder each scenarioventional generatar, each wind power generatér and trans-
s is given by [8) below: mission operator is non-negative for each individual sdena
The reason is that each party (excluding load) maximizes its
\RT profit for each scenario individually, and therefore, ithmibver
{Maximize s [WI?A)\%@ + whT Zlmke¥a).s | (gq) take a position resulting a negative profit in that scenario.
wpd wil’y " ’ s Second, as mathematically proven in Appendix D, model
subject to: M3 ensures the revenue adequacy for the market by sce-
DA max W W nario. Intuitively speaking, loads’ cost-minimizationoptems
Osw™ =W Pl s (8b)  are excluded within the equilibrium problem. This brings a
flexibility to market operator to decide which market thedsa
(L) } vk, s. (8¢) are settled (without allowing them to do arbitrage), and twha
the total amount that loads will pay by scenario. In addition
Likewise, the probability-weighted profit-maximizationthe RT market price will never be formed at the value of lost
problem for transmission operator under each scenaii® load (VOLL), even though load may be curtailed - note that

given by [9) below: there is no KKT equality in[(1I5) linking VOLL and RT market
price.
Third, the exclusion of cost-minimization problem of loads
{ Maximize bs Z [ DA \DA in model M3 makes the KKT conditions_(15)on-squaren
PR O Pl o005 ed) ’ the sense that the number of variables is more than the number
A\RT of conditions. Therefore, the proposed equilibrium matiés
+ ( ,%,TW - ,?ﬁl) ﬂ} (9a) may havemultiple solutions.
N Ps Fourth, unlike models\i1 and M2, the DA and expected
subject to:

RT prices are not necessarily arbitraged in mabi€3, which
By (00 — 0DA) = P2 0 is an undesirable property. This price distortion in madiés

n,m : :LLn,m,s
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can be corrected by virtual bidders. However, as we show late

. . . Node N1 i ity: Node N2
this may further increase costs to loads. In mogdés with o 0008 o
virtual bidders, the optimization problefn {11) below foccka
virtual bidderv should also be included within the equilibrium
model: Lad Gl G2 WP G3

Fig. 1. Network of the illustrative example.

L DA yDA RT \RT
Ivll)%)A(lglllrze b'u )\n:'UE\Iln, + Z b'u /\(n:UE\I/n),s (113)
° TABLE |
. ILLUSTRATIVE EXAMPLE: DATA FOR CONVENTIONAL GENERATORS
subject to: bPA + bR =0 : p, Yo (11b) A ' -
Conventional generathiP™** [MW] P IMW]|C; [$IMWh]

G1 50 0 10
where the objective functioi (I1a) maximizes the expected G2 110 0 25
profit of virtual bidderv, subject to constrainf (11b) that forces Gs 100 45 35

its total production in DA and RT is zero. Note that both

variableshP* andbRT are scenario-independent to ensure that

the total production of virtual bidder is zero irrespectdfehe linear equivalent. More specifically, each complementarit
scenario realized. Note also that in model3 with virtual condition of the form0 < a L b > 0 is replaced bya > 0,
bidders,y, .y b0* andy, ., bET should be added to theb > 0, a < M(1 — z) andb < Mz, wherez is an auxiliary
left-hand side of power balance equalitiés_{10a) dnd](10jnary variable and/ is a large enough positive constant|[29]-
respectively. One important observation is that the iriolus [30]. Another alternative for complementarity linearipat is

of (I1) within the equilibrium modeM3 implicitly enforces to use auxiliary SOS1 variables as proposed[in [31]. This
the equality of DA and expected RT prices at buf23]-[24]. SOS1-based technique replaces each complementarity-condi
This price equality condition can be readily derived frore thtion of the form0 < a L b > 0 by the following set of

KKT conditions of [11). equationsa > 0,b>0,a+b=c+danda —b=c—d.
Note thatc and d are SOS1 variables, i.e., at most one of
B. Solution Technique: them can take a strictly positive (non-zero) value. We use

In order to choose one solution from the multiple possib eoth complementarity linearization techniques above in ou

equilibria of modelM3, we formulate an auxiliary optimiza- arge case study.
tion problem, whose objective function could be arbitsaril
selected, however, it is constrained by optimality cowodisi
(I5). Note that different objective functions may lead to This section provides the numerical results from a small-
different solutions. In order to choose from among altéveat scale illustrative example (Section IV.A) and a large-scal
solutions, we consider the minimization of total expectestc case study based on IEEE two-area RTS (Section IV.B). The
paid by all loads as objective function. This means that aznoaomputational performance of different models is discdsse

all possible market-clearing solutions, we select a sotuti Section 1V.C.

which is the best for the loads in expectation. The reason

for this selection is that the loads in modg#3 have been A simple Illustrative Example

already fprged_to pay the cost of uncertalnty_ by -excludlrm;rth We consider a two-node (N1 and N2) system as illustrated
cost-minimization problems from the equilibrium problem.

. . - . in Fig.[. This system includes three conventional genesato
Accordingly, the following auxiliary problem is formulae (G1, G2 andG3), whose technical data are provided in Tdble I.

A wind power generatoyP) with an installed capacity of 50
MinimizeTl, subject to [(Ib) (12) MW is considered, and its production uncertainty is modeled
through three scenarios: 50 MW, 22 MW and 10 MW with

WhgreH is the total expected cost ,Of all loads includin robabilities 0.2, 0.5 and 0.3, respectively. The load i® 20
their expected payments and shedding costs. Note that and its VOLL is $200/MWh.

auxiliary problem[(IP) is in fact a mathematical programhwit - top161] gives the market outcomes obtained from models
equilibrium constraints (MPEC) as it is constrained by ne&rk M1, M2, M3, and M3 with virtual bidders (VB). The
clearing conditions. This MPEC can be then recast as a MILR hsmission line is not congested. As proven in Appendix

IV. NUMERICAL RESULTS

as follows: A, models M1 and M2 are equivalent, and therefore, they
result in identical outcomes. In these two equivalent msdel

Minimize linear equivalent ofl (13a) load is fully settled DA, and DA and expected RT prices are
subject tomixed-integer linear form ofIS) (13b) equal ($28/MWh). ModelM3 yields different outcomes; the

market operator settles 150 MW of load in DA and remaining
where the linear equivalent df is provided in Appendix E. 50 MW in RT. Also, modelM3 results in different values for
In addition, conditions[{15) are linearized through repigc DA and expected RT prices ($25/MWh and $33/MWh), which
complementarity condition§ (Ipd)-(15I) by their mixedeiger is undesirable. Virtual bidding could fix this price diffewee
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TABLE Il
ILLUSTRATIVE EXAMPLE: MARKET-CLEARING OUTCOMES

TABLE IV

ILLUSTRATIVE EXAMPLE: PROFIT/COST OF MARKET PLAYERS IN
EXPECTATION AND BY SCENARIO

Model Market DA RT RT RT _ _ _
outcome [schedule (scenario 1) |(scenario 2)scenario 3) Model Market |Scenario ]Scenario 2Scenario 3Expected
G1 [MW] 50 0 0 0 player |realizatiorjrealizatior|realizatior]
G2 [MW] 110 0 0 0 G1[$]| 900 900 900 900
M1 and Ao | B3 MW 40 -40 22 -10 G2[$]| 330 330 330 330
WP [MW] 0 |+40 (10 spilled) +22 +10 MlandM2 | G3[$]| 1,120 | -280 -280 0
Load [MW] | 200 0 0 0 WP[$]| O 770 350 490
LMP [$/MWh]| 28 0 35 35 Load [$] 5,600 | 5600 | 5600 | 5,600
G1 [MW] 50 0 0 0 G1[$]| 750 750 750 750
G2 [MW] | 100 0 0 0 G2 9] 0 0 0 0
M3 G3 [MW] 0 0 +28 +40 M3 G3[3] 0 0 0 0
WP [MW] 0 +50 +22 +10 WP [$]| 1,250 770 350 740
Load [MW] | 150 50 50 50 Load [$] 5,000 | 5500 | 5500 | 5400
LMP [$/MWh]| 25 25 35 35 G1[$]| 750 750 750 750
G1 [MW] 50 0 0 0 G2 [$] 0 0 0 0
G2 [MW] | 100 0 0 0 M3 with VB | G3 [$] 0 0 0 0
) G3 [MW] 0 0 0 0 WP [$]| 1,250 550 250 600
MW VB o mw) | o +50 +22 +10 VB[] | O 0 0 0
VB [MW] +50 -50 -50 -50 Load [$] 5,000 9,900 12,000 | 9,550
Load [MW] 200 0 0 (28 shed)0 (40 shed)
LMP [$/MWh]| 25 25 25 25
TABLE V
IEEE TWO-AREARTS CASE STUDY: DATA FOR CONVENTIONAL
TABLE IlI GENERATORS _
ILLUSTRATIVE EXAMPLE: TOTAL EXPECTED SYSTEM COST AND TOTAL Generator Location PR PI O
EXPECTED COST OF LOAD$] [node] MW] [[MW] |[$/MWh]
Model Total expected system cdstotal expected cost of lodd GAl, GA2, GBI, GB2 A1, A2, B1, B2 40 | 0 | 11.09
M1 and M2 3880 5600 GA3, GA4, GB3, GB4 Al, A2, B1, B2 152 | 80 16.60
! ! GA5, GB5 A7, B7 300 | 160 | 18.52
M3 - 3,910 5,400 GA6, GB6 Al13, B13 591 | 280 | 19.10
fV‘ﬁ]i\;\“:/t;:ll\::” includes eijr(;%on side costs and Ioisj: ddists GA7, GBY A1S, B15 60 | 60 | 2241
 This value consists gf demand-side payments and Ioag smydt.i'sts. GA8, GA9, GBS, GBY A15, A6, B1S, B16| 155 | 60 | 14.08
GA10, GA11, GB10, GB11|A18, A21, B18, B21 | 400 0 10.17
GAl12, GB12 A22, B22 300 0 6.10
GA13, GB13 A23, B23 310 | 80 14.08
in model M3 and result in identical DA and expected RT SAl4. GBl4 A3, B23 350 | 75 | 12.46

prices ($25/MWh), but at the cost of load curtailment under
two scenarios. Note that the RT prices are not equal to VOLL,
though the load is curtailed. The reason is that the co#ot only in expectation but also by scenario, which is its
minimization problem of load is not included in equilibriumadvantage over modelst1 and M2. This is true even though
model M3, and thereby, load’s cost function cannot affect theonsumers pay less under model3 in this case. Another
RT market price formation. observation is that the conventional generators earn highe
TablefTIl gives the values obtained for total expected systeProfit in expectation in models11 and M2, whereas the wind
cost and total expected cost of load. The total expecteesystPOWer generator's expected profit is comparatively higher i
cost in modelsM1 and M2 is comparatively lower than ModelM3 (with or without VB). Regarding revenue adequacy
that in model M3, though wind power is spilled under ondor the market, it is satisfied in all models by scenario, and
scenario in the cost-minimization models. The reason fisr tHhe profit of the system operator is zero since the line is meve
lower expected cost is that the costly gener&taris operated congested.
more in modelM3 compared to other two models. This cost
is significantly higher in mode/M3 with VB due to load B. IEEE Two-Area RTS Case Study
shedding. The total expected cost of load in model$ and  We consider the IEEE RT$ [32] including two areasgnd
M2 is comparatively higher than that in model3. However, B), 48 nodes A1 to A24 and B1 to B24), 34 loads and 28
this may change in different cases, since the cost-miniiiza conventional generators (i.€3A1 to GA14 located in area\,
problem of load is excluded from the market equilibriunand GB1 to GB14 located in are®). The loads are identical
problem in modelM3. The cost of load is considerably highto that in [32] raised by 5%, yielding a total load of 5,985
in model M3 with VB due to curtailed load. MW. Technical data for conventional generators are given in
Table[1M gives profits and cost for the different market paffable[M. In addition, two wind power generatofé’P1 and
ties in expectation and by scenario. One important observatWP2) are considered that are located at nodés andB16,
is that models\1 and M2 do not ensure cost recovery for allrespectively. The per-unit power production of wind getensa
generators by scenario; for example, the profit of genef@or WP1 and WP2 is modeled using a Beta distribution with
under scenarios 2 and 3 is negative (-$280), while its explecshape parametersy,(3), equal to (1.89, 4.48) and (2.09, 3.12),
profit is non-negative (zero). In contrast, modet3 (with or respectively. We generate 300 samples; each one includes th
without VB) results in non-negative profit for all generatorproduction of both wind generators. According to these 300
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2500 [~ 1nsample sconarios (No) ‘ o 1 illustrates the profits of conventional generateB5 and
®  Out-of-sample scenarios (N=291) . wind power generatofWP1 under each in-sample and out-
20001® °w .' ) . T R | of-sample scenario. We first investigate their profits achie
z S ., . o . . o in the in-sample simulations (scenarigssg). Similar to the
Sis0l® B, e Mooyt ol . | results of illustrative example in Section IV.A, model$1 and
3 LNt e cem e M2 do not guarantee cost recovery of generators by in-sample
5 ° . . ,8 [ ] ° ) o o . . -
glm! . . ....: o me,e . A scenario (upp(_er plot o_f Fid.] 3). For ex_ample, the profit of
g .0'..".}8 "\" :3 ool . . s generatoiGB5 in three in-sample scenarios and thatVgP 1
cool ® ..‘".0'. :'.'.-.‘:.:g ': ne & o . | Intwo scenarios are negative, though their expected profits
* ".a"" ..:°.'. < .'0. A are non-negative ($39 fo&B5, and $10,809 foAVP1). In
0 ol ... ‘ ‘. e . ° ‘ ‘ contrast, modeM3 (with or without VB) yields non-negative
0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200 profits forall generators in each and every in-sample scenario,
Wind power W1 (VW] as well as in expectation. We now analyze their profits in
Fig. 2. IEEE two-area RTS case study: In-sample and outwfpde scenarios the 291 out-of-sample simulations. Similar to the in-sampl

simulation, the profit of at least one of generat6fB5 and
WP1 in models M1 and M2 is negative under about half

= In-sample scenarios (N=9) of out-of-sample scenarios. Remarkably, such profits alte st
® Out-of-sample scenarios (N=291) . . .

5 1000 \ \ \ non-negative foreveryout-of-sample scenario in modgh3
B ; ; ; ; ;
85 soof - —a . 1 (with or without VB), see intermediate and lower plots of Fig
g ccm@ s oo mens - e g _
28 o o weeoe .- eemee ee + o | [3 We had expected, in contrast, that sampling error would
% 00 @0 OWBES WWEN®I e Wuem PNEKINE B 00 o o d I f - f- I H H h H
S 0ietee e ey mevmreemmme o . ‘ ‘ ‘ ‘ produce at least a few out-of-sample scenarios with negativ
- 0 -0.5 g 0.5 1 1.5 2 25 3 proflts
_ Profit of wind producer WP1 [$] x10* ) . .
8 " o s sitoutve] | ‘ ‘ ‘ ‘ i Table[V] gives the market-clearing outcomes of the three
§& soof = : 1 different models obtained from in-sample and out-of-sampl
8o . _ ! : p ( p
56 o SeRsaERATNLE smee= = = 1 simulations. We first analyze the results of the in-sample
& T : o ! 15 s 25 L—  simulations. As expected, total expected system cost and it
5 Profit of wind procuicer WP1 (3] «10"  standard deviation are comparatively lower in modgisl
85 sl e . | and M2 compared to those in modeW13. The profits of
%”% o 3 AT B AR bbbt e eee = oo | All gENETators in modeM3 (with or without VB) are non-
§  -so0l, ‘ ‘ ‘ ‘ ‘ ‘ .1 negative for each individual in-sample scenario (by cartstr
o -0.5 0 0.5 1 1.5 2 25 3 . . . .

Profit of wind producer WP [] «i¢ tion), while they could be negative in modelgl1 and M2

as already shown in Fig.] 3. We assume that such negative

Fig. 3. IEEE two-area RTS case study: Profit of generators @RbEWP1 in : ;
modelsM1 and M2 (upper plot), modeM 3 without VB (intermediate plot) profits of generators across scenarios are compensated by

and modelM3 with VB (lower plot) under each in-sample and out-of-sampléc_)adsa as in th_e uplift syste_m in e_XiSting markets. Unlike th
scenario simple illustrative example in Section IV.A, total cost ofds

is also lower in modelsM1 and M2 compared to that in

model M3, even though this cost includes the uplift payments.
samples, wind power penetration, i.e., total expected wifdhis demonstrates the cost-inefficiency of mode3 as a
power divided by total load, is 30.4%. Wind power uncertgintpotentially undesirable consequence of a stochastic rarke
i.e., standard deviation of wind production across scesaridesign that ensures cost recovery and revenue adequacy by
divided by expected wind, is 55.1%. We then select nine etenario. Adding VB to modeM3 results in a considerable
these samples as in-sample equiprobable scenafia® (sg) increase in system cost and the cost to load due to significant
for use within the stochastic optimization, and the renmajni load shedding. The DA and RT prices are arbitraged in
291 samples are used for an out-of-sample simulation. Teepectation in modeldA1, M2 and M3 with VB, but not in
reason for selecting these specific nine scenarios is tegt ttmodel M3 without VB.
give nearly identical values for wind power penetration and We now analyze the results in Table]VI obtained from
wind uncertainty as the full original set of 300 samples.tBothe out-of-sample simulation. The market outcomes (profits
sets of in-sample and out-of-sample scenarios are iliestia and costs) of modelsM1 and M2 in the out-of-sample
Fig.[2. The in-sample simulation considers the nine scesarsimulations are not significantly changed compared to those
s1 t0 sg, and treats them as the only potential realizations obtained from in-sample simulation, although these models
RT within the stochastic market model. In the out-of-samplesult in a negative profit for at least one generator in 130 of
simulation, the DA schedules are fixed to those obtained time 291 out-of-sample scenarios.
the in-sample simulation, and then the RT market is clearedFig. [4 illustrates the distribution of system cost versus
deterministically for each of 291 out-of-sample scenaride total cost of loads in models\i1 and M2 (upper plot),
VOLL for all loads is assumed to be identical, i.e., $200/MWimodel M3 without VB (intermediate plot), and modei13
The capacity of transmission lines is raised by 30% to fatéi with VB (lower plot) for both in-sample and out-of-sample
wind integration. simulations. According to the upper plot and the results of

As examples of generators’ profits in different models, Figable[V], the expected value and standard deviation of total
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TABLE VI
IEEETWO-AREA RTSCASE STUDY. MARKET-CLEARING OUTCOMES IN DIFFERENT MODELS

10

In-sample simulations (N=9) Out-of-sample simulations (N=291)
M1 and M2 M3 M3 with VB || M1 and M2 M3 M3 with VB
Total system cost[3] Expected o 46,997 54,554 90,404 47,156 47,717 47,717
Standard deviatio 13,580 27,355 94,255 9,624 11,439 11,439
Number of scenarios with a negative profit 3 out of 9 Ooutof 9| Ooutof9 130 out of 291 0 out of 291 0 out of 291
. ) Expected 768 0 0 714 0 0
Total negative profit of generatdrgs] Standard deviatio 1,200 0 0 1,079 0 0
) ) . Expected 90,158 97,060 128,388 90,103 91,153 85,878
Total cost of loads including uplifts[$] Standard deviatio 1,200 20,836 84,726 1,079 38,401 8,980
Total expected wind power spillage [MW] 0 0 0 33.5 20.4 20.4
Total expected load shedding [MW] 0 39.0 236.1 0 1.7 1.3
DA price5 [$/MWh] 14.93 14.08 14.08 14.93 14.08 14.08
Expected RT pricé [$/MWh] 14.93 16.49 14.08 14.15 16.91 16.91

1. This value includes generation-side costs and load shgdtists.

2. This number considers the scenarios with a negative pafiaff least one conventional or wind power generator (butviradal bidders).

3. This value considers the negative profits of generatorssacscenarios, i.e., the non-negative profits are exclubteese losses are compensated by uplift payments of loads.
4. This value consists of demand-side payment, load shedxisg and uplifts for compensating the negative profits ofegators (but not virtual bidders).

5. All nodal LMPs are identical since there is no transmissiongestion.

RT under a low-wind . RT under a low-wind
in—sample scenario ‘out-of-sample scenario

B In-sample scenarios (N=9) DA schedule

® OQut-of-sample scenarios (N=291)

% 10* Models M1 and M2:
- a 96F T T T T T ° T R T \. ] 6000 hWI{‘d Wlnd
2 9.4 |Models M1 and M2 . . 4 2 shortage shortage
[ % 92 . e o e80 00 © H = 4000 Gen.
et o . i
g2 oL b anbine mas’ cane Lo cee i % 2000 lees
[ onjiineiionaiinedinmmeniine a
D N B o een] [ e
35 4 45 5 55 6.5 7 -
Total system cost [$] x10 Price = 14.93 [$/MWh] ' Price = 19.10 [$/MWh] = Price = 19.10 [$/MWh]
Model M3:
S &5 re o] Load Load
g 23 i 4,000 curtailment curtailment
84 g
g8 3 1 Z 3000
O = ] 5 2,000
[ u L IS Gen.
°1 ; . . . . . H 1000 Loz Load|Gen. Load|Gen.
3 4 5 6 7 8 9 10 11 o
Total system cost [$] X 10" o [Wind | i
o 10° Price = 14.08 [$/MWh] ' price = 22.41 [$/MWh] - Price = 200 [$/MWh]
. 5‘ T T ™
&', 3r |Model M3 with VB B Model M3 with VB:
o
s g 2r A4 1 6000 Load Load
S [ ] L] curtailment curtailment
ko1 L L L L L L ] % o Load een \ \
05 1 _Il_.5t [ svst 2 (IS 25 3 35 2 2000 [road Gen. [Load | Gen] wina
otal system cost [$] % 10° o VB i‘fwm VB ./
0
Price = 14.08 [$/MWh] * Price = 14.08 [$/MWh] ~Price = 200 [$/MWh]
Fig. 4. |EEE two-area RTS case study: Total system cost atad ¢tost

of loads in modelsM1 and M2 (upper plot), modelM3 without VB
(intermediate plot) and modé¥13 with VB (lower plot) under each in-sample
and out-of-sample scenario

Fig. 5. |IEEE two-area RTS case study: DA dispatch, RT read@dpunder a
low-wind (403.2 MW) in-sample scenario, and RT re-dispatoder a similar
low-wind (400.4 MW) but out-of-sample scenario in modgld1 and M2
(upper plot), modelM3 without VB (intermediate plot) and modéi13 with

VB (lower plot)

system cost and total cost of loads in modgisl and M2

in the out-of-sample simulations are close to their values i

the in-sample simulation (i.e., the scenarios consideretieé Scenarios divided by expected total system cost in mabiéls
original market model). This shows the robustness of modégd M2 is 29%, while it is 50% and 104% in mode¥13
M1 and M2 against scenarios not anticipated by the mark@tithout and with VB, respectively. In addition, out-of-sple
parties. In addition, the upper plot of Fig. 5 shows that wingosts are very different than the in-sample ones in mean and
power is scheduled in DA, and the wind shortage in low-wingfandard deviation (Table V1), illustrating that the invgzle
scenarios (either in-sample or out-of-sample) is comgedsaCosts in mode/M3 are not highly robust against non-modeled
by re-dispatching flexible conventional generators in Riie T SC€narios.

average RT market price in both low-wind in-sample and In model M3 (without VB), unlike modelsM1 and M2,
out-of-sample scenarios is identical, i.e., $19.10/MWhliké market outcomes with out-of-sample scenarios are modgrate
models M1 and M2, the system cost and cost of loads ardifferent than those in in-sample simulation. For example,
more widely dispersed in model13 (especially with VB). the expected cost to load in the out-of-sample simulation
For example, as given in the third and fourth rows of Tabis 6.4% lower than that in the in-sample simulations, while
[VI] standard deviation of total system cost across in-samphe standard deviation of that cost is significantly hightes.
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another example, the intermediate plot of Hif). 4 illussatenarket outcomes of modeM3 with VB, we hypothesize
that the total system cost under the two low-wind in-samptbat including a higher number of in-sample scenarios @vhil
scenarios considered is significantly higher than thatérést including more low-wind scenarios) in this model will not
of in-sample scenarios, yielding a comparatively highdéd decrease the gap between the market outcomes of riaidel
deviation for the total system cost in in-sample simulaiorwith VB between the in-sample and out-of-sample simulation
($27,355). However, that value is significantly lower in the As an additional test of modeld11 and M2, and both
out-of-sample simulation ($11,439). The difference betwve versions of modelM3, we have also applied them to the
in-sample and out-of-sample market outcomes in model IEEE 118-bus test system with 19 thermal generator$ [33].
is further emphasized in the second plot of Fiy. 5. Althoughhis system is augmented with wind farms at buses 9 and
the RT re-dispatch under both low-wind in-sample and out-d84 whose uncertain output is described by 15 scenarios. The
sample scenarios is very similar, their resulting marketgs results are consistent with the above two-area RTS system
are significantly different. As already discussed in Sectiddetails available from authors): day-ahead and real-finees
lIl.LA, the loads in modelM3 cannot affect market price converge in expectation in modelsf1 and M2, and M3
formation. Therefore, the RT price under in-sample scenafvith VB; model M3 is costlier thanM1 and M2, with

is not equal to VOLL (i.e., $200/MWh), although a portiorVB increasing cost further; and both versions of modédB

of the load is curtailed. However, we solve a deterministiensure revenue adequacy and cost recovery for each and every
RT market-clearing model for the low-wind out-of-samplascenario, unlike modeld11 and M2.

scenario, in which the curtailed load sets the RT marketpric

to $200/MWh. Note that a considerable part of the unserved Computational Performance

loads in modelM3 winds up being supplied in the RT stage. . .
It is also worth mentioning that in all 291 out-of-sample The LP problem in modeiM1 and the MILP problems in

scenarios, modeM3 ensures cost recovery for all generatog%‘()(je"c‘/\/l2 and M3 (with and without VB) are solved using

and revenue adequacy for the market. Whether this a gen 7 II‘EX under GlAMkS on a3n5l(r)1t(esl|(_|R) XzogéRég 53:22/'\'\/_:}2
result for modelM3 would require additional analysis for aCPqucessforsrfocL;ng al;l ' f 23;4 in's of IViB €
wider variety of systems. time for the problem of mo 1 in Section IV.

Finally, the out-of-sample simulation shows that mades (IEEE two-area RTS case study with 9 in-sample scenarios) is

with VB is not robust against the unseen scenarios, since %@dsﬁ(j&ngds’_mh"e Itis 24;‘? sef?nds fothr:]e M”".D problgguof
market outcomes (e.g., total system cost and total cost rppae with a zerjj\)/lgp ITr?I\/yBgapH' h'e n;a;]qmum ith
loads) with foreseen and unseen scenarios are significaﬁl € occurs in mode 0 Wi » WhICh 1S ours wit
different, although in this example cost recovery for aff optimality gap of 1%. The CPU time increases drastically

conventional and wind power generators (but not neceysalﬁf_'t?‘ h|ghir nu;nber of §C€E&I’IOS, S0 that M“.‘P n:loqelsag'thba
for virtual bidders) is successfully achieved under all-ofit Igh hnumber ot scenarios become computationally |ntr_ ta
sample scenarios. In particular, we were unable to solve mod#f3 using

This important difference in market outcomes of madé3 the computing system mentioned for th_e same large case
with VB is highlighted in the lower plot of Fig]4, where theStudy when there are either 10 and 15 in-sample scenarios

total system cost and total cost of loads are large under bnjcg the with and.wnhloqt VB fcases,dre(?‘/slgectwely: The ml;Ch
the in-sample scenarios, representing a low-wind conditi onger_f:omputatlona tlmes or mo faise 1ssues o
lability, and are consistent with our earlier point thabst

The reason for these large costs is revealed if we exami Y | tina th d b 0 frame
the lower plot of Fig[h. In this example, the aggregation Jf' 'MPleéMenting the revenue adequacy-by-scenario Iramewo

virtual bidders behaves as a generator in the DA stage, WhWQXId be comp_u;ca]:[ional ineffilfiencies. h licati
in RT they buy back the same amount of energy that the¥ S @ potential future work, we propose the application

already sold in DA. In this way, the DA and (in-sample) RT’ ((jjetlzompositign and Qistrripu;ed optt)imiz?tion techniqt_ﬁf
prices are arbitraged in expectation. In this specific lowew mo h? ;‘M2 TthMg wit i t'lg ln(;Jm der Ot scena}r{ﬁs. 'S
in-sample scenario, the RT price is identical to the DA pricénlg iminish the computational disacvantages ot themeee

which is $14.08/MWh. This price is lower than the margin%deqt;}acy-byl-icgnarlo rgoldelé Ong mterestlgg observasub(l)n
cost of most of flexible conventional generators; therefor at the equribnum mo elsM2 and M3 are ecomposable
the wind shortage in this scenario is mostly met by load the relaxation of nodal power balance conditions as shared

curtailment (1480 MW) — recall that loads cannot contribut'@arkGt constraints decomposes 'Fhem to several smaller sub-
to market price formation in mode¥13, and therefore, the RT problems, one per mark_et_ party in modet2, and one per
market price under this in-sample scenario is not $200/MWW.arket party per scenario in moda(3.

This major load curtailment greatly increases the systest co

and the cost of loads, even in expectation. However, the V. CONCLUSIONS

deterministic RT market-clearing model used for the out-of This paper proposes a stochastic market design that ensures
sample scenario yields different re-dispatch outcomesesi i) cost recovery for all generators and transmission opera-
the curtailed load sets the market price to $200/MWh, whiter, and ii) revenue adequacy for the market, not only in
the flexible conventional generators offset a large portigxpectation but also by scenario. However, these progertie
of wind shortage. Since a single low-wind scenario out dfave a price: generation and demand-side costs may in¢crease
nine in-sample scenarios drastically changes the in-sampiarket prices will not be equilibrium supporting all pastie
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and DA and RT prices are not arbitraged in expectation. The 0 < (pi* +pRT) Lpl >0 Vi,Vs (14ap)
latter could be fixed by virtual bidders, but they may inceeas max RT _p .

. X . . < —p; ° o>
the demand-side costs. From mathematical point of view, the 0= ( i pl pz,s) L Pis =0 Vi ¥s (14aq)

proposed model is an equilibrium problem, which is recast as 0 < (Pf‘dJ +pi7s) L Ej‘ij >0 Vi,Vs (14ar)
an MPEC, and then linearized. i i
0< (P;‘ i_ p?ST) L7 >0 vi,vs (14as)
APPENDIXA: KKT S OFMODELS M1 AND M2 0< ( A 4 wh S) il pk >0 Vk,Vs (14at)
The KKT optimality conditions associated with model1 0< (Whys — wp? — wy, S) 1 ﬁ >0 Vk,Vs (14au)
are given by [(I4) below. Note thaf is the Lagrangian 0< lSth L, Shcd >0 Vi,V 14
function with respect to probleril(1). An identical set of KKT - y (14av)
optimality conditions is derived from mode¥12. 0< (Laq— lbhe‘j) 1Pt >0 vd, Vs (14aw)
0< (F,’;l;’,‘f— nms) J—ans >0 Vn,Vme ®,,Vs.
(14ba)
(15), (1e) (Ld), (1h), (L), (Id) (14aa)
or APPENDIXB: KKTs oFMODEL M3
apﬁ =Ci— )‘mexp +; — Hf The KKT optimality conditions associated with the pro-
! posed modelM3, i.e., problem [(I7){(T0), are given bj/ {15)
+ Z (Pz s Z,S) =0 Vi (14ab) pelow. Note thatt®, £® and £® are the Lagrangian func-
or tions with respect to problemEl(7).] (8) ad (9), respedtivel
Gupt — Mk, T 1
(90), (©d), (1m). (1), (10) (15a)
+ Z (pk . ) -0 Vk (14ac) Py .
5 W:(bs Cl ¢S /\nze‘ll +M15_Hi,s
L A i
37D = AA - un,m + Hovm + pzs - BES =0 Vi,Vs (15b)
_ RT _ ore W
ZS:AM =0 Vn,Vme®,  (14ad) Buph = b0 Ahey, + 7, — ¥,
oL 0 0 +o0s — Py =0 VkV 15¢
HODPA = Z Bn,m (lu’n,m - :u’m,n) Pl,s /—)k,s V8 ( )
n med, ore
! =0 V 14 SFDA ¢S )\BA - lu’fl,m.s + Mg.m,s
+(4),_, =0 W (1420) T o
oL _ _\RT _
ST = bs C; — )\&Tje%)ys +hr, — BES Ans =0 Vn,Vm € ®,,Vs (15d)
Pis oL
4 _ adj o5& = 2 Bom (s = Hinn.s)
+75d — _2; =0 Vi,Vs (14af) 06DA = m AT, Pmn,s
oL _ 1 _
BulT = A ew ). T + (), _, =0 Vn,Vs (15e)
Wy wy y - (%a) (173 (173) (151)
Tl T V8 (1429) < )PA 1 WP >0 vi,vs (15g)
oL e
giped — 9o V= Nisdew,),s T Pis’ 0< (P —pPA) L b, >0 Vi,Vs (15h)
8 < DA WS ;
thCd —0 Vd.Vs (14ah) 0<wg™ L By 2 0 Vk,Vs (15i)
or 0< (W™ —wp™) L@y, >0 Vk,Vs (15j)
:/\RT—p +pF =0 max _ DA F
B} 11;{}*” . n,s n,m,s n,m,s 0< (Fn,m 717m) 1 Ho s >0Vn,VYm € ®,,,Vs (15k)
Vn,¥m € ®,,Vs (14ai) ([@4ap)— (I4ad) (14ba) (151)
oL
ORT Z Bym (Pz,m,s - pfn,n,s) APPENDIX C: COST RECOVERY BY SCENARIO
me‘b"l _ Mathematically, the profit of all generators, either conven
+(ps),_, =0 Vn,Vs (14a)) tional or renewable, under any scenario realization are non
0<pPr L P >0 Vi (14ak) negative if, at the optimal solution, they hold that
< (Pmex _pPAY | P > ' 14al
0 < (PP —pt) Loy >0 Vi (14al) A (0, )
0<wp® LY >0 Vk (14am) nid€l, Vi
0< (Wénax _ wl?A) 1 ﬁXV >0 Vk (14an) n RTx )\&TZ*E‘I’n),S o >0 Viv (16a)
0< (Fax — fPAY Lyl >0 Vn,Yme®, (14a0) Pis b =t s
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/\RT* . .
DAx \DAx RTx “(n:k€¥,),s According to [IT¥), under any scenario, the total payment of
A —— 21 >0 VKV 16b . . .
{w’“ niken T Whs bs ] = Vs (16D) demand-side to market operator, i.e., the left-hand sigieals

to the total payment of market operator to all conventional
enerators, wind power generators, and transmission tmpera
herefore, the market operator never incurs a financial itlefic
under any scenario, i.e., the market is revenue-adequate by
scenario. Note that in cases in which the transmission isyste
RTx belongs to the market operator, the market is still revenue-
Z {fDA* /\DA* +( RTx Eﬁf) n,s } >0 Vs. adequate by scenario because the t_rans_mlssmn operatiits p
n ’ Ps for each scenario, i.e., the expression in the last rovi_gf, (17
(16¢) is non-negative as proven in Appendix C.

where superscript stands for the optimal values.

In addition, the profit of transmission operator for an
scenario realization is non-negative if, at the optimatgoh,
it holds that

na(mquH)

For notational clarity, we denote the left-hand side of
equations[(16a)[ (I6b) anf (16c) nga), F) and 159, APPENDIXE: A LINEAR EXPRESSION FORII
respectively.

To prove that conditions (Ibd)=(16c) hold, we derive the Total expected cost of all loaddlI]f to be included in
strong duality equality corresponding to problerfis (T), (8pbjective function [(13a) contains the expected payment and
and [9) within the proposed modgh3. Note that for each shedding cost of all loads, i.e.,
optimization problem the strong duality equality enfortiest

the values of primal and dual objective functions at theropti RT
solution are identical. Thus, we get n= > o, [ldDA ADA 4 (15T — pshed) 22 4y gshed
n,(de¥,),s Qbs
1 . . 18a
Y ) oo

, Note that [(I8a) is non-linear due to bilinear terms. This
Vi, Vs (16d) appendix provides a linear expression for
F) |:Wmax ﬁ}? + Wi ﬁw*} Vk, Vs (16e) As proven in Appendix D, for each scenarip the total
s ? * demand-side payment equals to total payment of the market
1 max operator to conventional generators, wind power genesator
Fi‘m) - b5 Z ) (“n ms T pn m S) vs.  (16f) and transmission operator. Observe that the expressiahg in
n,(mE®n) second, third, and fourth rows &f(17) are included in oliject
The right-hand side of equations (16H)-(16f) include thiinctions [74),[(8a), and_(Pa), respectively. All thoseresp
summation of several expressions, each one is a prodsidns are non-linear. However, their linear equivalents loa
of a parameter and a dual variable. Observe that all thagerived through the strong duality equalities correspogdd
parameters and dual variables are non-negative. Theréifi@re problems[(¥),[(B) and19). Accordingly, a linear equivalart
right-hand side of each equatidn (16 16e) @%16f)3csn II is obtained as follows:
essarily non-negative. This concludgy, ) >0, Iy
and @89 > 0.

m=> ¢, (Hs +> zz?:d> (18b)
s d

APPENDIXD: REVENUE ADEQUACY BY SCENARIO
This appendix proves that the proposed modd is

revenue-adequate by scenario. To this purpose, at the adptimhere
solution, we multiply each expression within the DA nodal . ZC( DA RT)
equalities[[I0a) by\PA*. Similarly, all expressions within the e\P Pi.s
RT nodal equalitied (I0b) are multiplied bg— at the optimal 1 ) _
max (—P P ad] ad _ad
solution. Then, we sum all equalities obtained, i.e., + E{ > [Pi (i s +7is) + P (Ei,s] +7i s]):|
max —W —W
/\RT* + Z (Wk K. s + Wk,s pk,s)
lDA* /\EA* + lRT* _lshsd* n,s :| . P
n,(;pn) ’ ( ’ " ) 05 e
/\RT* + Z F (Mn m,s + pn m, s) Vs. (18C)
S [ e g 2] o
n,(i€¥,) s
N Z WPA® ADA® 4 T Aﬁﬁ*} N Z ACKNOWLEDGMENT
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