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A Real Options Market-Based Approach to
Increase Penetration of Renewables
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and Pramod P. Khargonekar

Abstract—We propose a framework for trading real options
through which flexible sources are incentivized to mitigate the
effect of renewable intermittence and show that such options can
increase renewable penetration while ensuring the delivery of
reliable power and guaranteeing that no market participants are
worse-off. We consider that renewable generators are required
to bid in a day-ahead market and incur a penalty if, in real-
time, they are unable to meet their day-ahead schedule. As a
hedge against uncertainty, these non-firm generators purchase
options for reserve from sources of flexibility such as natural gas
power plants (NGPPs) in an ex-ante options market. Through
an option, NGPPs offer to reserve some fuel to be used in
case of renewable shortage, while renewable generators pur-
chase the right to request use of that reserve if needed. We
solve for the optimal strategies for the generators in the cou-
pled day-ahead and options markets and show that such options
increase the amount of generation from renewable sources that
is taken by the grid, and provide adequate payment for flexibility
providers.

Index Terms—Electricity markets, renewable integration,
decision-making, grid flexibility.

NOMENCLATURE
Sets

I Set of renewable power plants (RPPs).
J Set of natural gas power plants (NGPPs).
K Set of coal power plants (CPPs).

A;i  Action space of RPP i in real options market.

Aynj  Action space of NGPP j in real options market.

‘H,;i Information set of RPP i in real options market.
‘H,j Information set of NGPP j in real options market.
Hc Information set of entity that clears real options

market.
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Functions
Sri()

Probability density function of random renewable
production R; from RPP i.

Fri(.) Cumulative density function of random renewable
production R; from RPP i.

1() Indicator function that equals 1 if argument is
positive and equals O otherwise.

uri(.)  Expected profit of RPP i.

uy;(.)  Expected profit of NGPP j.

uc(.)  Expected profit of CPP k.

ugy(.)  Social welfare.

kyj(.)  Fuel cost of NGPP j.

ke(.)  Fuel cost of CPP k.

Parameters

ADA Per unit day-ahead energy price.

Ap Per unit penalty for shortages.

T Per unit price of reserve in real options

market.

Mnj Per unit variable O&M cost of NGPP j.

ek Per unit variable O&M cost of CPP k.

Qyj, bj, cyj  Parameters of fuel cost function of NGPP j.

Ack, ber, ccr - Parameters of fuel cost function of CPP k.

Py Maximum capacity of RPP i.
P, Maximum capacity of NGPP j.

Decision Variables
G;;  Reserve amount to RPP i from NGPP j.
G,; Sum of reserves from all NGPPs to RPP i.
Sum of reserves to all RPPs from NGPP ;.
+  Day-ahead commitment of RPP i.

C,j Day-ahead commitment of NGPP j.

Cce  Day-ahead commitment of CPP k.

7,  Upper bound on per unit price of reserve set by RPP i.
m,;  Lower bound on per unit price of reserve set by

NGPP j.

I. INTRODUCTION

NSURING reliable operation of the grid has become a
bigger challenge as the participation of renewable sources
such as wind and solar, that are inherently intermittent, uncer-
tain, and uncontrollable, at various time scales, continues to
increase. At the moment, in most electric energy grids, the
system operators do not force renewable producers to bid in
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the day-ahead market and instead allow them to self-schedule
to increase the fraction of renewable energy. To ensure power
balance, grid operators have typically relied on increasing
their procurement of reserves that can be used to compen-
sate for the variability of renewable supply. Traditionally, the
cost of these reserves is socialized and borne by the load serv-
ing entities [3]. However, as renewable penetration increases,
the total cost that needs to be socialized rises rapidly [4],
often leading to opaque subsidies given to specific gener-
ators [5]. To ensure that this issue is not a bottleneck in
terms of increasing renewable penetration in the grid, market
regulations which jettison self-scheduling and instead require
utility-scale renewable producers to bid in the day-ahead mar-
ket and then abide by penalties in case of deviations from
their production schedule (similar to traditional generators)
have recently been proposed [3], [6], [7]. However, if these
renewable producers are penalized for shortfalls, they will
bid conservatively [8], leading to a reduction in the share of
grid energy supplied by renewable sources. It is important
to obtain policy prescriptions that ensure reliable electricity
supply while still incentivizing renewable generators.

In this work, we propose a market structure in which the
renewable generators are asked to bid in the day-ahead mar-
ket. However, as a hedge against penalties for shortfalls, they
are allowed to purchase options for using reserves from flexi-
ble sources with fast ramping capability. Crucially, the cost of
this purchase is not socialized by an independent system oper-
ator; rather, each non-firm renewable generator and source of
flexibility, such as a natural gas power plant (NGPP) or stor-
age, participate in an ex-ante options market to carry out such
trades. We analyze the proposed market both in a centralized
and in a competitive set-up. This arrangement is transparent to
the ISO, who can then treat utility-scale renewable generators
as dispatchable sources. Our solution supplements and coex-
ists with the traditional reserve market. Renewable generators
can now bid more aggressively (increasing renewable penetra-
tion in the energy mix), since they do not have to pay penalty
as often in case of a shortfall. On the other hand, neither the
load serving entities nor the customers have to suffer the cost
of providing reserves in case of renewable shortfall. Finally,
the flexible generators have an assured source of revenue for
providing flexibility rather than quantity of energy. The main
contribution of this paper is the design and analysis of such
an options-based market to show that the intuition discussed
above is indeed correct. For concreteness, we focus on natural
gas power plants as sources of flexibility. However, the gen-
eral idea may be extended to having storage owners or other
energy sources to provide a similar service.

Related Work: We refer to [4], [9], [10] and the references
therein for discussions about system flexibility measures to
accommodate renewables. In most deregulated energy grids, a
reserve market is set up to deal with any supply shortfall in
real-time. Traditionally, such shortfalls are due to unforecasted
load variations or equipment malfunctions. Since these system-
level errors are rare, the reserve costs are typically socialized
irrespective of the contribution of a player to generating a need
for such reserves [11]. With increasing renewable penetration,
it is generally agreed that the need for operating reserves will
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increase; it is not certain, however, how much and what type
of extra reserves should be procured in the reserve market! [4]
and who should pay for these extra reserves. There is a move
towards asking renewable power producers (RPPs) to shoulder
some or all of the balancing costs to counter their produc-
tion variability [3], [6], [7], [15]. It has been recognized that
this policy may deter renewable integration by forcing renew-
ables to bid conservatively [8]. In our preliminary work, we
showed that bilateral contracts between renewable and natural
gas power plants can help counter this trend [1]. However, our
previous formulation only considers one RPP-NGPP pair. In
the present work, we generalize our previous model to a multi-
player scenario and develop new theoretical results, such as
the comparison between a centralized and a competitive case,
the relaxation of the assumption on the penalty value, and
the analysis of the probability of shortage in different pricing
scenarios.

There is an extensive literature on the association of renew-
able sources with conventional generation to mitigate renew-
able intermittence. For instance, [16], [17] study a wind-hydro
joint operation in the electricity market. However, this liter-
ature largely assumes joint ownership and operation of the
two plants. Another stream of related work is on the use of
storage as a palliative for the high variability of renewable pro-
duction [18]-[20]. However, existing work usually assumes the
storage to be owned and operated either by the renewable pro-
ducer, or by the system operator. In our work, the renewable
plant and the source of flexibility (e.g., NGPP) are independent
players, which is the more common case in practice.

The real options literature on renewable integration is also
very vast. The effect of capacity payments for gas-fired gen-
erators in the presence of increasing renewable penetration is
analyzed in [21] and the economic viability of hydrogen stor-
age as a flexible source for wind parks is studied in [22].
However, this literature is mostly focused on the decision to
invest on projects when there is uncertainty from generation,
policy or prices [23]. Conversely, our approach consists on
the design of a real options market to incentivize genera-
tors that are already operating, aiming to increase renewable
penetration even when these generators start being treated as
conventional power plants. The work in [24] seems to be the
closest to ours. The authors propose a call option market which
decreases the volatility of the payments made to market partic-
ipants in a scenario with increased renewable integration. As
opposed to this work, we consider real options correspond-
ing to trades that are not only financial, but also refer to the
delivery of a physical good. Further, we consider these trades
to occur prior to the day-ahead market, which couples the
two markets. Note that the adoption of other types of finan-
cial mechanisms such as financial transmission rights (FTRs)
has also been considered in electricity markets as a hedging
mechanism [25].

Paper Organization: The remainder of this paper is orga-
nized as follows. Section II presents the electricity market
model considered, and the optimization problems faced by

INew sources of flexibility such as demand response programs [12]-[14]
have been proposed.
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Fig. 1. Proposed electricity market timeline.

the participants. Section III derives and analyzes their optimal
strategies in the coupled markets. We present our case studies
in Section IV and some avenues for future work in Section V.

II. PROPOSED MARKET STRUCTURE

As illustrated in Fig. 1, we append the proposed options
market to a traditional two-settlement market consisting of a
day-ahead market and an ex-post imbalance resolution mech-
anism. We do not model the reserve market here, as its
optimal redesign to deal with intermittence due to large-
scale renewable integration is not clear. Instead, we transfer
the responsibility of ensuring against production shortfall of
renewables from the ISO to the RPPs themselves. Thus, our
solution supplements and coexists with the reserve market.

A. Day-Ahead Market

The day-ahead (DA) market modeled is operated by an inde-
pendent system operator (ISO). In this market, all generators
(including the RPPs) bid the amount of energy they are will-
ing to commit for delivery in the next operating day and their
asking price per unit of energy. The ISO clears the market by
scheduling the generators in a least-cost fashion such that the
supply meets the demand. In real-time, an imbalance resolu-
tion mechanism penalizes the generators that do not supply
the amount of energy that they were cleared for. Any genera-
tor (including an RPP) pays a penalty per unit of shortfall at
price A, > Apa (this penalty range is relaxed in Section III-E)
if it produces below its scheduled level and is curtailed if
production exceeds the commitment.

For simplicity, we focus on meeting the load at a particular
time, so that issues such as start-up costs and ramp constraints
for the commitment problem in the day-ahead market can be
ignored. The ensuing unit commitment problem makes the
mathematical analysis significantly more complex and is not
in the scope of this work. For the same reason, we also ignore
transmission line congestion and assume that all the scheduled
generators are paid a single market price. However, we discuss
the case of a constrained IEEE 14-bus system in a case study
in Section IV.

We also assume that the demand is known, which is usu-
ally a good assumption [26]. Note that we do not assume the
grid-takes-all-renewable paradigm; thus, the uncertainty in the
renewable generation is not added to that of the load in order
to define a ‘net load’, which usually has a much higher uncer-
tainty. In any case, our results can be extended to the case in
which the load is modeled as a random variable.

The DA market is typically composed of a large number
of players, and thus each individual generator is considered
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(2) (b)

Fig. 2. Options market: centralized (a) and competitive (b) cases.

small relative to the whole market. Therefore, the generators
are price takers and the DA energy price can be assumed
as fixed and known. We classify the generators into three
categories — renewable (which models non-firm and intermit-
tent plants), natural gas (which models power plants with
fast ramping capability), and coal (which models inflexible
power plants). The RPPs considered are utility-scale solar or
wind producers. We index each RPP i € 7 = {1,...,N},
NGPP j € J = {l,...,M}, and coal power plant (CPP)
ke K={1,...,P}.

We show later that, with the addition of the options mar-
ket, the participating RPPs increase their DA bids at the same
rate as the participating NGPPs decrease theirs. To keep these
decisions from affecting the DA energy price, we consider that
the subset of generators in the options market are not marginal
generators in the DA market.

We assume that both NGPPs and CPPs are always able to
meet their commitment and the renewable production is the
only source of stochasticity in the problem, which allows us
to concentrate on the effect of random generation. We assume
that the renewable production R; of each renewable player i is a
random variable with continuous and twice differentiable prob-
ability density function fg;(r;) and cumulative density function
FRi(r;). Further, fg;(r;) > 0 for r; > 0.

B. Market to Trade Options

In the proposed options market, each RPP i € 7 seeks
options for reserves to be used in real time in case of shortage,
while each NGPP j € J is a provider of these reserves. Each
NGPP can sell an option to every RPP by offering a share
of its available capacity to each RPP, as illustrated in Fig. 2.
We assume the options are not transferable, in that the reserve
provided to one particular RPP is not transferable to any other
one. The lower bound on the option price is decided by the
NGPPs as at least the minimum value that would make it prof-
itable for them to sell such options. Similarly, RPPs have a
maximum price they would be willing to pay for these options.

The option implies that when the renewable production is
realized (delivery time in Fig. 1), the RPPs can call upon
the NGPPs to realize an energy amount equal to the option
purchased. We assume that following an economic dispatch
strategy, the options are called upon in increasing order of
production cost for the NGPPs until either the shortage is
completely covered or the total amount of reserve that the
RPP has the right to use is finished, whichever occurs first. If
the shortage of a RPP is larger than the sum of all reserves
purchased, this player incurs a penalty per unit of shortage
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remaining, as established by the ex-post imbalance resolution
mechanism. Note that, if a shortage does not occur, the RPP
will have paid for the reserve, but the NGPP will not be called
upon to produce in real-time, which makes this model resem-
ble an insurance transaction. Without loss of generality, we set
the NGPP j = 1 to be the least expensive one while j = M to
be the most expensive one.

The distribution of reserves from the NGPPs to the RPPs
can be accomplished in different ways. We first use an omni-
scient central planner approach, in which the responsibility
to allocate the reserve and set the market price is given to
a non-profit seeking operator who maximizes social welfare
(which we define as the sum of the expected profits of the
generators in the market) with individual rationality of the
participants as a constraint. We also analyze a competitive sce-
nario, in which the players make the optimal reserve decision
independently and inform the ISO with their choices. In this
case, buyers (resp. sellers) are ordered in descending (resp.
ascending) asking price and the ISO clears the market.”

The options market decisions occur before the DA market,
and thus the outcome of these decisions will be already known
when the generators decide on their DA commitments. We
denote the reserve amount to the RPP i from the NGPP j as Gj;.
We also let G;; be the sum of the reserves from each NGPP j
to the RPP 7, and G,;; be the sum of the reserves for each RPP i
from the NGPP j, that is G,; = Zje.] Gjjand Gy = ) ;.7 Gjj.

C. Utility Functions

The utility function of each player is their expected profit.
We first present the utility functions for a baseline case in
which the players are not allowed to trade options for reserve
and then when they are allowed to.

1) Baseline Case: The players do not interact outside the
DA market. The expected profit of each RPP i is given by

uri(Cri) = ApaCri — Eri[I(Cri — R)Mp(Cri —RD], (1)

where C,; is the player’s commitment in the DA market, R; is
the renewable production realized in real-time, the expectation
is taken over the renewable production R;, and the indicator
function /(.) equals 1 for positive arguments and 0 otherwise.
The first term in (1) is the DA market revenue (if its bid is
selected), and the second one is the penalty charged in case
of shortage. For each NGPP j, the utility function is

unj(Crj) = ApaCrj — tnjCpj — Knj(Cry), 2

where C; is the DA market commitment and (t,; is the O&M
cost per unit of production for actual operation of the plant.
The function «,i(.) is the fuel cost which varies with the
desired production output. Following [25], we assume

Knj(Pnj) =ap + bannj + anP;%j- 3)

Both the function parameters and the O&M cost are positive.
For each CPP k, letting C. be the player’s DA commitment,

uck(Cex) = ApaCek — ek Cek — kek (Cek). 4

2As proved in [27], such contingent contracts can be cleared by the ISO
without violating network constraints through a coordinated trading process.
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The CPP also earns a revenue from committing to the market,
which is the first term of (4). The second term is the O&M
cost, and the third one is the fuel cost. For a production P,

kek(Per) = ack + bex Py + CckP?k- %)

2) With Options Market: The market structure allows the
NGPPs and the RPPs to participate in an ex-ante options
market. The expected profit of each RPP i is given by

wri(Cri, Gri, m) = ApaCri — Gy

— ERi[I(Cyi — Ri — Gr)ap(Cri — Ri — G) . (6)

where G,; and 7 are the reserve purchased and the per unit
price of reserve, respectively. Similarly to the baseline case, the
first term in (6) is the revenue from the DA market. The second
term is the reserve cost, and the third one is the expected
penalty in case of shortage remaining after the reserve is fully
used. For each NGPP j, the utility function becomes

unj(cnjv Gl’lj? ) = (Apa — Mnj)an + ﬂan
— knj(Cpj + Gij)

N J
- ZERi Il Ci — R — Z Gim | 1njGij
i=1 m=1

N Jj—1 J
~ > Ewri| | Cri—=Ri= ) Gin |1 Y Gim — (Ci = R0)
i=1 m=1 m=1
j—1
Mnj Cri - Ri - Z Gim . (7)
m=1
Each NGPP incurs the cost of purchasing fuel to meet the
commitment Cy; and to maintain a reserve enough to produce
up to Gy in case of renewable shortage. The last two terms
in (7) are the expected O&M costs in case of shortage. In
the third line, each expectation in the sum indicates the cost
incurred by the NGPP j if this player is expected to produce all
the reserve that was provided to the RPP i. This will happen
if, after completely using the reserves from all NGPPs less
expensive than j, the shortage remaining in the RPP i is still
greater than or equal to Gj;. The last term refers to the expected
cost when the NGPP j does not need to produce all of its
reserve. For each RPP i, this scenario occurs when the shortage
remaining when the NGPP j is called to produce is less than
G;j. The participation of the CPPs is still constrained to the
DA market, and thus their utility functions remain as in (4).
From this point forward, we abbreviate u,;(Cy;, Gy, ),
upj(Cyj, Gnj, ), and uc(Cer) as uyi, uyj, and uc.
a) Optimization problems: In the options market, for the
case in which a central planner is tasked with making the
reserve decisions, we have the problem

Pr: max = P+ ; 8
! Gi1,--,GiN, G215 05 GNMMXW Zu” Zunj ®
ieZ jeJ
st. G; =20V (@A, H)elxJ 9
> Gy < Guay Vi€ J, (10)
i€l

where uy, is the social welfare and G4y is the maximum
reserve that can be offered by the NGPP j. Further, the aggre-
gator must also set a price per unit of reserve that ensures
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individual rationality, so that none of the generators are worse
off by participating in the market. If each generator makes the
reserve decision individually, we have a competitive setting in
which each RPP i solves the problem P,, and each NGPP j
solves P3, both also subject to constraints (9) and (10).

Uyi, P3: max  uy.
Git,..., Gim Gyj,...,GNj

(1)

Since the options market occurs ex-ante, the reserves G,
and G,; are already known when the bids are placed in the DA
market, and thus are treated as given. Then, we define the
optimization problem for each RPP, NGPP, and CPP in the DA
market as

P4: max u,, Ps: max uy, Ps: max  uck.
C,i>0 Cyi>0

riZ nj= Cex>

III. MAIN RESULTS

For simplicity, we first neglect the upper bound constraints
of the generators, which are then considered in Section III-E.
We first derive the optimal commitments in the DA market
and then the optimal strategies for the options market.

A. Optimal Commitments

Theorem 1: The optimal commitment strategies for the
players in the day-ahead market are
e Baseline Case:

C;(kpa) = oi (12)
Apa — byj — [nj
CrjOpa) = ——— =——= (13)
nj
ApA — beke — ek
Ch(Apa) = # (14)
Cl
o Options Market Case:
Ci(Apa) = Gy; +0; (15)
ApA — bnj — [nj
Cjlhpn) = ——=——= =G, (16)
nj
ApA — bek — ek
Cox(pa) = Tckﬂc (17
.

where
& —1
o = FR,' ()&DA/)\p)-

Proof: The utility functions are concave in the commit-
ments.

Baseline Case: We take the derivative of (1) with respect
to C,; to find the optimal commitment of each RPP.

ouyi
el Cri

Similarly, the first order conditions are also used to find the
optimal commitments for the NGPPs and CPPs.

Options Market Case: Taking the derivative of (6) with
respect to C,;, we find the optimal RPP commitment.

= Apa — MpFri(Cri) = Cy; = oi.

Ouy
9C, Apa — MpFRi(Cri — Gp) =0

= C =G + 0. (18)
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Similarly, for NGPPs, the optimal commitment is derived
from (7) while the optimal commitment for CPPs is
unchanged. |

B. Optimal Reserve Distribution With the Central Planner

As the DA commitment of each player must be non-
negative, we note from the NGPP commitment (16) that there
is an upper bound on the amount of reserve that each NGPP
may provide for the RPPs. Then, for each NGPP j,

ADA — bnj — Mnj

19
2an ( )

Gmuxj =

The following lemma on the concavity of the utility func-
tions is proved in Appendix A.

Lemma 1: The social welfare u,, is concave in
(G11...,GNy) and attains a maximum at some bound-
ary of the convex set established by constraints in Problem
Py. On the other hand, u,; is convex in (Gy;..., Gy;) for
every NGPP j € 7.

Theorem 2: The optimal reserve distribution that maxi-
mizes the social welfare satisfies the rules

M
Fry GN+ZG1\/j

M
Fri 01+ZG1,- =...=
j=1

j=1
M M

Fpi 01+ZG1,' =...= Fry GN+ZGN,'
j=2 j=2

Fri(o1 +Giy) = ... = Fry(oy + Gym) (20)

Further, all NGPPs provide their maximum reserve, and the
RPPs purchase all reserve provided.

Proof: See Appendix B. |

Remark 1: The optimal reserve distribution in (20) is such
that the probability that each NGPP will produce for a certain
RPP is the same as that for any other RPP.

Corollary 1: The optimal reserve distribution that maxi-
mizes the social welfare when the market has one NGPP and
multiple RPPs is such that the probability of shortage (prior
to the reserve use) of all RPPs are equal. Therefore,

Fri(CY) = Fra(Chy) = -+ - = Frn(Cry).

Proof: Proof follows from Theorem 2 for M = 1. |

We now prove the existence of a price that satisfies individ-
ual rationality.

Theorem 3: For all i € 7, the range for the reserve price

2y

T=|Apa—tn|1—Fri Ui+ZGij , ADA

jeJ

satisfies individual rationality for all the generators.
Proof: See Appendix C. |
Unlike the RPPs, each NGPP will set a different lower
bound on the reserve price, which depends on their expected
production cost. However, for all NGPPs, this bound is less
than or equal to Apy, which is the upper bound set by the
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RPPs. Further, the feasible price range shrinks as the proba-
bility that the first NGPP will be called upon to produce in real
time increases. If a shortage surely happens, the price interval
is reduced to the point m = Apg, in which case the expected
profit of all RPPs and of the NGPPs that will produce for sure
will be the same as in the baseline case, while the NGPPs
that will not necessarily produce will experience an increase
in expected profit. Thus, no generator is ever worse off by
joining the options market.

C. Optimal Reserve Distribution - Competitive Case

This section considers a competitive case for the options
market in which the players simultaneously decide on the
reserve amount that optimizes their individual expected profit,
as well as on the per unit price that makes their participation
in the market individual rational. Therefore, the action spaces
of each RPP i and each NGPP j are defined as

Ari = (Gy V). T} and Ay = {Gy Vi, 7,5},

respectively. As buyers, each RPP has an upper bound 7,; on
how much they are willing to pay for a reserve, while each
NGPP j has a lower bound 7,; on how much they are willing
to accept to provide one. We remark that these decisions may
be in the form of functions that are used by the central entity
that clears the options market. Besides the knowledge of their
own utility function, the information sets of the players in the
market are given by

Hyi = {Cy;. fri} and Hy; = (Cp)

for each RPP i and each NGPP j, respectively, where the
optimal commitments are given as in (15) and (16). With
that, we consider the NGPPs do not know the optimal com-
mitment expressions for the RPPs, and thus they solve their
optimization problem to find their best response to a fixed C;;.

Theorem 4: In the competitive scenario, the lower bound
set by each NGPP on the reserve price is

J
T =Apa — tnj| 1 — Fri Cr— Z Gim vj,
m=1

which is less than the one with a central planner, thus
increasing the range of feasible prices.

Proof: See Appendix D. |

Note that the lower the O&M cost of an NGPP is, the higher
is its asking price. This is so because the least expensive
generators are called upon in real time with a higher prob-
ability and thus require a higher compensation for bearing
that risk. Further, the decrease in the lower bound for the
reserve price is due to information asymmetry. The lack of
information about C7; implies that the NGPPs are not aware
that the RPPs will increase their optimal day-ahead commit-
ment as they purchase more reserve. This is an example of
moral hazard, which occurs when an agent behaves in a riskier
way because someone else bears the cost of this increased risk.

The players inform their decisions to a central operator
whose information set is assumed to be H¢e = H,; U H, U
Ari UA;U{u,Vj}. Then, the sellers (resp. buyers) are ordered
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in increasing (resp. decreasing) asking price w,; (resp. 7).
Given that there exists a range of prices for which the mar-
ket clears, we present in the next section examples of pricing
schemes the operator may utilize.

D. Feasible Pricing Mechanisms for the Options Market

The following pricing schemes can be used to achieve indi-
vidual rationality, efficiency, and budget balance. Note that the
prices are determined based on the bounds established by the
generators, and thus reflect their willingness to participate in
the market.

Example 1: The prices can be chosen so that the total sur-
plus achieved in the options market is equally divided among
the participant players. In this case, each RPP pays a total of
ApaGri — IWSM and each NGPP receives a total of

M
S
ADA — Mnj| 1 — Fgi| 0i + Z Gim NI

m=j+1

Gy +
where § is the market surplus, given by

M
= ZGmaijnj 1 — Fgi| oi + Z Gim
jed m=j+1

We find S by checking how much surplus would be available
if every RPP paid the price that makes their change in profit
(from the baseline to the options market case) be zero, and
every NGPP got paid the value that enforces this zero profit
condition. Such prices are the lower (resp. upper) bounds set
by each seller (resp. buyer). Note that the share of surplus
each player receives tends to zero as the number of players
increases. Also, this scheme does not have a single market
clearing price.

Example 2: 1f a single clearing market price is desired, the
price can be set at the average of the feasible price range,

Mnl (1 — Fgi (0,' + Zﬁm/lzz Gim))
3 )

T = ADA —

E. Bounded Capacity and Flexible Penalty Considerations

In the previous sections, we assumed that the generators had
unbounded capacities, and that the penalty for a shortage A,
was greater than the DA energy price Aps. For a competitive
set-up in the options market, we now evaluate our solution by
removing these assumptions. Let P,; and P,; be the maximum
capacity of each RPP i € 7 and NGPP j € 7, respectively. The
following result can be proven similarly to Theorems 1 and 4
and summarizes the optimal strategies of these players with
the new considerations.

Proposition 1: The optimal day-ahead commitment C}; and
the optimal reserve G}; for each RPP i € T are given by

Cfizp

ri (22)
G* = {gﬂ' — Fi (/2p). if m < min(Apa. Ap)

otherwise. (23)

Further, the optimal day-ahead commitment C;';j for each
NGPP j € J is given by (16). Finally, the optimal bid in
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TABLE I
SCENARIOS FOR PROBABILITY OF SHORTAGE ANALYSIS
Scenario 1 Scenario 2 Scenario 3
Penalty per unit of shortage Ap =0 Ap >0 Ap >0
Options market Absent Absent Present

the options market for this player is such that the maximum
reserve is offered, as long as the asking price

Jj
7 = dpa — | 1= Fri| Pri—= Y Gim | | Vi

m=1

is accepted. The reserves Gj; are split following the rule

J J
Fri| Pr1 — ZGlm =...=Fpn| P — ZGNm
m=1 m=1

Note that when A, > Apa, the RPPs first find their optimal
DA commitment as in (15). Then, provided that m < Ap4, they
procure a reserve amount of P, — ngl (Apa/Ap) to increase
their bid up to their maximum capacity (22), and an amount
of Flgil (Apa/Ap) — F;il (7t /Xp) to make their expected per unit
penalty payment equal their per unit reserve cost, as in (24).
On the other hand, when A, < Apa, the RPPs bid all their
capacity in the DA market, and for any 7 < A, their optimal
reserve decision (23) is such that the expected per unit penalty
cost equals the per unit price of reserve, i.e.,

ApFri(Pri — Gi) = . (24)

In either case, we note that (23) holds.

F. Effect on Renewable Participation

We use the results above to find the probability of shortage
remaining after the use of reserve for each RPP, for the three
scenarios in Table I. This remaining shortage is the portion
that will need to be covered in real-time by peaker plants
called upon by the ISO. Scenario 1 is equivalent to a take-all-
renewables operation, and RPPs are not penalized for unmet
commitments. The second one adopts a penalty for shortage,
but does not give RPPs access to the options market. The last
one penalizes RPPs if a shortage occurs, but allows them to
have an option to procure their own reserve.

Proposition 2: The probability of a RPP having a short-
age after using the reserves purchased is non-increasing from
Scenario 1 through 3, and strictly decreasing if A, > Apg > 7.

Proof: The probability of remaining shortage for RPP i is
ps = Fgi(C}; — G};). For Scenario 1, from the RPP baseline
commitment (12), we find that C}; — P, as A, — 0. In
this case, G5, = 0, and thus p; = Fgi(P;) = 1. Then, the
RPP will always bid its entire capacity and will almost surely
produce less than that. For Scenario 2, proceeding similarly
to Scenario 1, we find

_ Fri(Pri) =1, if Ay < Apa
Ps FR,'(FEil ()‘DA/)‘P)) = Apa/Ap, otherwise.

We note that low penalties do not help towards decreasing
the probability of shortage. However, if A, > Apa, RPPs will

1697
TABLE II
NGPP FUEL FUNCTION PARAMETERS AND RPP PRODUCTION
DISTRIBUTIONS (HOUR = 13)
a(MBtu/h) b(MBtu/MWh) c(MBtu/(MW)?2h)

j=1 130.0021 10.6121 0.0050

a B a/p
i=1 0.4316 1.450 1.08
i =2 0.4333 1.249 1.04
i = 0.4258 1.672 1.13
i =4 0.4548 1.720 1.09

respond by lowering their commitment, leading to p; < 1. For
Scenario 3, from Proposition 1 for the cases in which the RPP
procures a non-zero reserve (i.e., when w < min(Apa, Ap)),

ps = Fri(Pri — Pyi + F,Qil (/Ap)) =7/ Ap. [ |

Proposition 2 shows that the proposed options market not only
enables RPPs to increase their participation without decreasing
their expected profit, but also enhances grid reliability by
decreasing the probability of shortage of these plants.

IV. CASE STUDY

We analyze a scenario in which a subset of the generators in
the electricity market also participates in the options market.
The distributions for the renewable productions were estimated
from the 2012 data for wind farms in Illinois from the Wind
Integration National Dataset Toolkit [28]. For this estimation,
we assumed the values to be independent across multiple days.
Following [29], we fitted a Beta distribution for the hourly
production in each site, for each hour of the day, using a
92-day period (May 1 — July 31).

We first analyze a case in which all generators are paid the
same energy price, which is equivalent to having an uncon-
gested network. The parameters in Table II for the NGPP were
selected from the IEEE 118-Bus System data [30] and refer
to the heat rate curve of a combined cycle unit. To build the
fuel cost function from these parameters, we multiply them
by $2.9505/MBtu, which was the average natural gas price
sold to the electric power sector in Illinois in 2018 for the
months considered [31]. The variable O&M costs for this
plant correspond to an advanced combined cycle plant with
a1 = $2/MWh [32].

The DA market prices used are from the Illinois hub, which
is within the Midcontinent ISO footprint. As these prices
are correlated with natural gas prices, we selected the val-
ues in [33] that correspond to 2018. For each hour, Aps was
taken as the average observed for that hour during the 92-day
period evaluated. Further, we consider a scenario in which the
penalty for shortages for each hour is 1.75 times the corre-
sponding DA price. This situation is likely to occur in hours
of peaking demand, when the cost of the resources needed to
serve load when a contingency happens is likely to be much
higher than the cost of the last unit needed in moderate system
conditions [34]. Thus, we proceed to evaluate the real options
market from hour 13 to hour 18, when demand peaks in the
Illinois hub during the days considered.

Fig. 3 shows the increase in renewable production taken by
the grid in real-time for each of the 4 RPPs studied during
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Hour 13

Wind Share Increase (%)

2 3
Renewable Generator

Fig. 3. Average wind production share increase.
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Social Welfare (x10°$)
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Fig. 4. Realized social welfare.

the hours evaluated. The increase is measured by comparing
the results between the options market and the baseline cases,
and the values plotted are averages of 2000 simulation runs.
We note that the overall renewable participation is improved
if these plants purchase real options for reserve. Interestingly,
the second RPP experiences the most conservative increase in
the average amount of production taken by the grid. A closer
look at the data reveals that this RPP is the one with the
least variability, having the lowest standard deviation to mean
ratio (o/u) at every hour. This measure of dispersion attains
the lowest values for this RPP in the last two hours, which
means that production uncertainty is low and explains why the
participation improvement of this RPP is less at these times.

We also analyzed the changes in social welfare due to the
adoption of real options. The average values achieved with
2000 runs are plotted in Fig. 4, along with vertical bars that
indicate the minimum and maximum values found. It can be
observed that the average social welfare is consistently higher
in the scenario with real options, and the relative improvements
are presented in Table III. We remark that these improvements
are achieved without decreasing the expected profits of any
individual generator.

The worst-case scenarios generated, corresponding to the
lower caps on the error bars in Fig. 4, refer to cases with
near-zero renewable production. In such cases, the social
welfare may become negative due to the large penalties
for deviations. However, the addition of real options does
not change the worst-case scenarios, while increasing the
maximum achievable social welfare. Similar results are found
if we analyze the social welfare as we increase wind pro-
duction, as can be seen from Fig. 5. The social welfare
presented corresponds to the 14th hour of the day and the
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TABLE III
AVERAGE SOCIAL WELFARE (X 103$)

Hour 13 14 15 16 17 18
Baseline 0.513 1.401 2472 3.823 3.694 1.900
Real options | 0.570 1.467 2.539 3.897 3.761 1.967
Increase (%) | 11.19 4.67 2.70 1.77 1.83 3.52

—%—Baseline
5[ | —%—Real Options T

ial Welfare (x10°8)
r

2 - L

0 10 20 3 40 50 60 70 80
Increase in Wind Production (%)

Fig. 5. Realized social welfare with increasing wind production.

Fig. 6. 1EEE 14-bus test system.

increase in wind production is with respect to the wind data
used in the previous analysis. With higher wind production,
we also observe an increase in production variability, lead-
ing to a more variable social welfare. Nonetheless, we still
achieve a steady increase in the average social welfare and
the worst-case remains unchanged.

Lastly, we evaluate how the decisions of the generators change
on a modified IEEE 14-bus system. We consider a case with two
RPPs and one flexible generator. The conventional generator
data was adopted from MATPOWER [35]. We add two wind
generators with 32MW capacity, assume all transmission lines
have a 7SMW transmission capacity, and let the generator in
node 3 be the one that offers real options for reserve.

In this constrained case, the generators decide on their
bounds on the reserve price based on the locational marginal
price (LMP) they are subject to, and thus participating in the
real options market might not always be individually rational
for all generators. To exemplify this, we solve for the economic
dispatch of the generators in this network for the 13th hour of
the day, as we vary the location of the wind power plants. We
simulate a scenario in which the RPPs are scheduled based on
their expected production, as well as in a case in which they
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increase their offer up to their capacity with the addition of
real options. As in the previous analysis, we also observe an
increase in social welfare and in renewable participation when
the real options market clears. Further observations made by
evaluating the individual rationality of each generator are:

« It is individually rational for all three generators to trade
real options if they are co-located. This is in accordance
to our theoretical results and previous numerical analysis.

o A RPP located at bus 1 will not be cleared in the options
market. The congestion in this network is such that the
LMP at node 1 is much lower than that at node 3, and
thus the upper bound set on the reserve price by this RPP
is too low to be accepted by the generator at node 3.

o« A RPP located at bus 2 will be cleared in the options
market. In this case, the LMP difference between nodes 2
and 3 is such that the bounds set on the reserve price give
rise to a non-empty interval that satisfies the individual
rationality of both the buyer and the seller.

The possibility of adding extra revenues obtained through
FTRs is left as a direction for future work. This income may be
used to offset losses when the NGPP is unable to transfer the
reserve due to congestion, or when the generators are located
at nodes in which the LMPs are such that they may not be
cleared in the real options market.

V. CONCLUSION AND FUTURE WORK

We modeled a two-settlement electricity market in which
renewable, natural gas, and coal power plants bid to be sched-
uled for generation in the next operating day. An ex-ante
real options market was designed, in which RPPs purchase
an option to call upon energy reserves to be used in case of
shortage, while NGPPs offer such reserves. We derived expres-
sions for the optimal reserve distribution, and showed that
the proposed options market increases the share of renewable
energy in the grid while not decreasing the profit of any gener-
ator. In future work, we aim to evaluate the effect of network
congestion on the options market, as well as to explore other
flexible energy sources as providers of reserve.

APPENDIX A
PROOF OF LEMMA 1

Substituting the optimal strategies (15) and (16) in (8), we
use backwards induction to rewrite the social welfare function.
Then, for all (i,j) € Z x J, the first and second derivatives of
ugs, with respect to the decision variables become

M
ou
a6 = M= (= tng-1)Fri| 01+ Y G
ij m=j
M
—... —ManRj<O'i+ ZGim) (25)
m=1
9%u M
5 = —(ij — B0 i | 01 + ZGim
BGl-j m=j
M
— . — UnifRi ((Ti + Z Gim) (26)
m=1
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82usw 5 2
— =0 V(@njmeIl°-xJ"i#n 27
3G;iGum
9%u; 9%u;
P S v jm eI x T (28)
8GijGim aGimin(j,m)

Note that all the second derivatives are non-positive. It can
be shown that the Hessian of uy, is negative definite. Thus,
the social welfare is strictly concave in (Gqj ..., Gny). We
look for candidates for maximum in the convex set defined
by constrains (9) and (10). If (G}, ..., Gy,,) is an interior
maximum, then it is a stationary point. However, from (25), we
note that the first order conditions only hold if G};, — oo for
all i, which is not true. Thus, the function attains a maximum
at some boundary. This concludes the first item in Lemma 1.

For the second item, we consider the NGPP j does not know
the expressions for the renewable optimal commitments and
participates in the options market. We use backwards induc-
tion to substitute the optimal NGPP commitment (16) in the
utility function (7). The corresponding first and second order
derivatives are

Bu,,j
=T —A
BGU s DA
J
| 1= Fri| Cri= > Gin | |Vie T (29)
m=1
azunj J .
) ,uniji Cri — Z Gim |Viel (30)
aGU m=1
32Mnj )
=0V (@Gnel-i#n 3D
0G;iGy;

It is readily seen that the Hessian of this function is positive
definite for any NGPP j. Thus, u,; is convex in (Gy; ..., Gnj)
and attains its maximum at some boundary.

APPENDIX B
PROOF OF THEOREM 2

With a central planner, the reserve payments are an internal
monetary transfer among the players and cancel out in the
social welfare function. We write u,, using backwards induc-
tion. Recalling Lemma 1, we use the Karush-Kuhn-Tucker
(KKT) conditions to identify the boundary at which ug, is
maximum. The Lagrangian of the function is

L = ug, + Z )‘j (Gmuxj - Z Glj) + Z Z )LMi+jGij

jeJ i€l jeJ i€l
Let Mp:={1,..., M(N+1)} denote the set of indices for the

multipliers in this central planner case. Using the first order
derivatives from Appendix A, the KKT conditions are

0L gy -
— = — A+ Apmii =0V (I, A 32
2G; ~ 3Gy i+ AMjvi L,p)elxJ 32)
)\j (Gmuxj - Z Gl]) =0 Vj € J (33)
i€l
AjriGi=0Y (,)) eI xT (34
A =>0Vne Mp 35)
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The candidates for maximum are at the boundaries. If con-
straint (10) is tight for all j € J while constraint (9) is never
tight, that is,

Gunaj— Y _Gj=0VjeJ
ieZ
Gj>0V (i,)eTxJ,

then we must have A; > 0 Vj € J, and Apjri =0V (i,)) €
7 x J for conditions (33) and (34) to be satisfied. From this,
we use (32) to find that the value of each multiplier A; is simply
the first derivative of the social welfare function with respect
to Gy Vi, which is expressed as in (25) and can be shown
to be greater than zero. Therefore, condition (32) imposes the
equilibrium condition

Outgyy Otgyy

Gy - Gy o

_ ity
Gn;j
For each NGPP j, we can use (25) to simplify this condition,

from which the expressions (20) can be found. Thus all KKT
conditions are satisfied and this solution is a maximum.

vVieJ. (36)

APPENDIX C
PROOF OF THEOREM 3

We verify at which price each player accepts to partici-
pate in the options market, considering the amount traded
is the maximum. For each RPP i, substituting the optimal
commitment (15) in its expected profit (6), we find

Uy = (Apa — )Gy

+ipaoi — Egi[1(0i — R)A,(0i — R) ], (37)

where the last two terms form the utility of the player without a
reserve. It follows that the utility of the RPPs remains the same
from the baseline to the options market cases if m = Apy, and
is strictly increasing if w < Apa. Thus, as buyers, the RPPs
set T, = Apa as the upper bound on the contract price.
Since we assume full information, we can rewrite the utility
for the NGPP j using backwards induction and substituting the
expression for the RPP commitments (15). Then, we have

Upj = (Apa — Mnj) (Gmaxj - an) + ﬂan - Knj(Gmaxj)

M
- ZERL' I oi + Z Gim — Ri | 11njGij
i€l m=j+1
M M
_ZERi I 0i+ZGim_Ri I\ Ri —oi — Z Gim
i€ m=j m=j+1
M
M| 01 + Z Gim — R; (38)
m=j
The Lagrangian of this function is
Lj = unj + Ao (Gmaxj -y Gij) + Y %Gy,
i€l i€l
from which we find the KKT conditions
3£j 8u,,j .
=——M+Ar=0Viel 39)

3G 3Gy
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ro (Gmaxj - Z Gij> =0 (40)
ieZ
AiGj=0Viel 41
Mm>0VnelO,...,N], 42)
where
Olpj M
%:n—)\DAﬁ-/Lnj 1 — Fgi U,‘-I—ZG,'m Viel
u m=j

Let (10) be the only tight constraint for the NGPP j. Then, we
must have Ao > 0 and X; = 0 Vi for conditions (40) and (41)
to be satisfied. From this, it is straightforward to show that the
remaining KKT conditions also hold if

M
7T > Apa — Mnj| 1 — Fri| 0i + ZGim Vj.  (43)

m=j

Combining the bounds of all NGPPs, the maximum lower
bound (supremum) is found when the second term in the right
hand side of (43) is minimum. This term is a product of two
positive non-decreasing functions from j = 1 to j = M, and
thus it is minimum for the NGPP j = 1, who has the lowest
11nj and the highest Fri(0; + Y_m_; Gim). With that, we find
the price range presented in Theorem 3.

APPENDIX D
PROOF OF THEOREM 4

Using backwards induction for the RPPs, we reach the same
expression as in (37). Each NGPP j solves problem P3. From
Lemma 1, we know this player maximizes his utility at some
boundary. Assuming only condition (10) is tight, we find that
all KKT conditions hold if

J
T > Apa — tnj| 1 — Fri| Cri — Z Gim vij.
m=1

Substituting C7; from (15),we find that the right hand side is
lower than that in (43).

ACKNOWLEDGMENT

The authors would like to thank the anonymous review-
ers, Dr. Michele Miiller-Itten and David D’ Achiardi for their
insightful comments which helped them improve the quality
of this paper.

REFERENCES

[1] N. Aguiar, V. Gupta, P. P. Khargonekar, and I. Chakraborty, “Bilateral
contracts between NGPPs and renewable plants can increase penetration
of renewables,” in Proc. Annu. Amer. Control Conf. (ACC), Jun. 2018,
pp. 6176-6181.

[2] D. D’Achiardi, N. Aguiar, S. Baros, V. Gupta, and A. Annaswamy,
“Reliability contracts between renewable and natural gas power produc-
ers,” IEEE Trans. Control Netw. Syst., submitted to publication.

[3] K. Porter, K. Starr, and A. Mills, “Variable generation and electricity
markets. A living summary of markets and market rules for variable
generation in North America,” Utility Variable Gener. Integr. Group,
Reston, VA, USA, Rep., Mar. 2015.

[4] E. Ela, M. Milligan, and B. Kirby, “Operating reserves and vari-
able generation,” Nat. Renew. Energy Lab., Golden, CO, USA, Rep.
NREL/TP-5500-51978, Aug. 2011.

Authorized licensed use limited to: UNIVERSITY NOTRE DAME. Downloaded on October 05,2020 at 17:36:32 UTC from IEEE Xplore. Restrictions apply.



AGUIAR et al.: REAL OPTIONS MARKET-BASED APPROACH TO INCREASE PENETRATION OF RENEWABLES

[51

[6

[}

[7

—

[8]

[9

—

[10]

(11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

(271

(28]

K. M. Kowalski. (Oct. 2017). Unusual Alliances Emerge in OHIO Over
Plan to Prop Up Coal and Nuclear Plants. [Online]. Available: https:/
energynews.us/2017/10/31/midwest/unusual-alliances-emerge-in-ohio-
over-plan-to-prop-up-coal-and-nuclear-plants/

O. W. Fitch-Roy and B. Woodman, “Auctions for renewable energy
support in the United Kingdom: Instruments and lessons learnt, D4.1,”
AURES, Lisses, France, Rep. D4.1, Mar. 2016.

WindEurope Views on Curtailment of Wind Power and Its Links to
Priority Dispatch, WindEurope, Brussels, Belgium, Jun. 2016.

E. Y. Bitar, R. Rajagopal, P. P. Khargonekar, K. Poolla, and P. Varaiya,
“Bringing wind energy to market,” IEEE Trans. Power Syst., vol. 27,
no. 3, pp. 1225-1235, Aug. 2012.

H. Kondziella and T. Bruckner, “Flexibility requirements of renew-
able energy based electricity systems—a review of research results
and methodologies,” Renew. Sustain. Energy Rev., vol. 53, pp. 10-22,
Jan. 2016. [Online]. Available: http://www.sciencedirect.com/science/
article/pii/S1364032115008643. doi: 10.1016/j.rser.2015.07.199.

P. D. Lund, J. Lindgren, J. Mikkola, and J. Salpakari, “Review of energy
system flexibility measures to enable high levels of variable renew-
able electricity,” Renew. Sustain. Energy Rev., vol. 45, pp. 785-807,
May 2015.

M. Milligan et al., “Cost-causation and integration cost analysis for
variable generation,” Nat. Renew. Energy Lab., Golden, CO, USA, Rep.
NREL/TP-5500-51860, Jun. 2011.

E. Bitar and Y. Xu, “Deadline differentiated pricing of deferrable electric
loads,” IEEE Trans. Smart Grid, vol. 8, no. 1, pp. 13-25, Jan. 2017.
C. Eksin, H. Delis, and A. Ribeiro, “Demand response management
in smart grids with heterogeneous consumer preferences,” IEEE Trans.
Smart Grid, vol. 6, no. 6, pp. 3082-3094, Nov. 2015.

L. Jia and L. Tong, “Dynamic pricing and distributed energy manage-
ment for demand response,” IEEE Trans. Smart Grid, vol. 7, no. 2,
pp. 1128-1136, Mar. 2016.

Bonneville Power Administration, Self Supply of Balancing Services,
Version 3, BPA, Portland, OR, USA, 2017.

J. L. Angarita, J. Usaola, and J. Martinez-Crespo, “Combined hydro-
wind generation bids in a pool-based electricity market,” Elect. Power
Syst. Res., vol. 79, no. 7, pp. 1038-1046, 2009.

E. D. Castronuovo and J. A. P. Lopes, “On the optimization of the
daily operation of a wind-hydro power plant,” IEEE Trans. Power Syst.,
vol. 19, no. 3, pp. 1599-1606, Sep. 2004.

E. Bitar, P. Khargonekar, and K. Poolla, “On the marginal value of elec-
tricity storage,” Syst. Control Lett., vol. 123, pp. 151-159, Jan. 2019.
[Online]. Available: http://www.sciencedirect.com/science/article/pii/
S0167691118301683

A. Castillo and D. F. Gayme, “Grid-scale energy storage applications
in renewable energy integration: A survey,” Energy Convers. Manag.,
vol. 87, pp. 885-894, Nov. 2014.

H.-I. Su and A. E. Gamal, “Modeling and analysis of the role of energy
storage for renewable integration: Power balancing,” IEEE Trans. Power
Syst., vol. 28, no. 4, pp. 4109—4117, Nov. 2013.

D. Hach and S. Spinler, “Capacity payment impact on gas-fired genera-
tion investments under rising renewable feed-in-a real options analysis,”
Energy Econ., vol. 53, pp. 270-280, Jan. 2016. [Online]. Available:
http://www.sciencedirect.com/science/article/pii/S01409883 14001066

D. Kroniger and R. Madlener, “Hydrogen storage for wind parks: A
real options evaluation for an optimal investment in more flexibility,”
Appl. Energy, vol. 136, pp. 931-946, Dec. 2014. [Online]. Available:
http://www.sciencedirect.com/science/article/pii/S0306261914003948

E. M. Ceseifia, J. Mutale, and F. Rivas-Ddvalos, “Real options theory
applied to electricity generation projects: A review,” Renew. Sustain.
Energy Rev., vol. 19, pp. 573-581, Mar. 2013. [Online]. Available:
http://www.sciencedirect.com/science/article/pii/S1364032112006739
K. Alshehri, S. Bose, and T. Basar, “Cash-settled options for
wholesale electricity markets,” IFAC PapersOnLine, vol. 50, no. 1,
pp. 13605-13611, 2017.

D. Kirschen and G. Strbac, Fundamentals of Power System Economics.
Hoboken, NJ, USA: Wiley, 2014.

B.-M. Hodge, A. Florita, K. Orwig, D. Lew, and M. Milligan, “A
comparison of wind power and load forecasting error distributions,”
presented at the World Renew. Energy Forum, 2012.

J. Qin, R. Rajagopal, and P. Varaiya, “Flexible market for smart grid:
Coordinated trading of contingent contracts,” IEEE Trans. Control Netw.
Syst., vol. 5, no. 4, pp. 1657-1667, Dec. 2018.

C. Draxl, B.-M. Hodge, A. Clifton, and J. McCaa, “Overview and meteo-
rological validation of the wind integration national dataset toolkit,” Nat.
Renew. Energy Lab., Golden, CO, USA, Rep. NREL/TP-5000-61740,
Apr. 2015.

1701

[29] H. Louie, “Characterizing and modeling aggregate wind plant power
output in large systems,” in Proc. IEEE PES Gen. Meeting, Jul. 2010,
pp. 1-8.

Index of Data lllinois Institute of Technology. Accessed: Mar. 2018.
[Online]. Available: http://motor.ece.iit.edu/data/

U.S. Energy Information  Administration (EIA). Lllinois
Natural Gas Prices. Accessed: Jul. 2019. [Online]. Available:
https://www.eia.gov/dnav/ng/NG_PRI_SUM_DCU_SIL_M.htm

Capital Cost Estimates for Utility Scale Electricity Generating Plants,
U.S. Energy Inf. Admin., Washington, DC, USA, Nov. 2016.
Midcontinent Independent System Operator Market Reports. Accessed:
Jul. 2019. [Online]. Available: https://www.misoenergy.org/markets-and-
operations/market-reports/

“Price formation in organized wholesale electricity markets,” Fed.
Energy Regulat. Commission, Washington, DC, USA, Rep. Docket
AD14-14-000, Oct. 2014.

R. D. Zimmerman, C. E. Murillo-Sanchez, and R. J. Thomas,
“MATPOWER: Steady-state operations, planning, and analysis tools
for power systems research and education,” IEEE Trans. Power Syst.,
vol. 26, no. 1, pp. 12-19, Feb. 2011.

[30]

(31]

(32]

[33]

[34]

[35]

Nayara Aguiar (S’10-GS’16) received the B.Sc.
degree in electrical engineering from the Federal
University of Campina Grande, Brazil, in 2016,
and the M.S. degree in electrical engineering from
the University of Notre Dame in 2018, where she
is currently pursuing the Ph.D. degree with the
Department of Electrical Engineering. Her current
research interests include design and analysis of
electricity markets in the presence of intermittent
renewable energy generation. She was a recipient of
the 2019 Patrick and Jana Eilers Graduate Student
Fellowship for Energy Related Research from the Center for Sustainable
Energy at Notre Dame.

Vijay Gupta (M’08-SM’15) received the B.Tech.
degree in electrical engineering from the Indian
Institute of Technology Delhi, and the M.S. and
Ph.D. degree in electrical engineering from the
California Institute of Technology. He served as a
Research Associate with the Institute for Systems
Research, University of Maryland, College Park. In
January 2008, he joined the University of Notre
Dame, where he is a Professor with the Department
of Electrical Engineering. His research and teaching
interests are broadly in distributed decision making.
He was a recipient of the 2018 Antonio Ruberti Award from IEEE Control
Systems Society, the 2013 Donald P. Eckman Award from the American
Automatic Control Council, and the 2009 National Science Foundation
CAREER Award.

Pramod P. Khargonekar (F’93) has been a
Faculty Member with the University of Florida, the
University of Minnesota, the University of Michigan,
and the University of California, Irvine. He was
the Chairman with the Department of Electrical
Engineering and Computer Science from 1997 to
2001 and also held the position of a Claude
E. Shannon Professor of engineering science with
the University of Michigan. From 2001 to 2009, he
was the Dean of the College of Engineering and a
Eckis Professor of electrical and computer engineer-
ing with the University of Florida until 2016. He also served briefly as the
Deputy Director of Technology with ARPA-E, U.S. Department of Energy
from 2012 to 2013. He served as an Assistant Director of the National Science
Foundation and the Head of the Directorate of Engineering from 2013 to
2016. He is currently the Vice Chancellor for Research and a Distinguished
Professor of electrical engineering and computer science with the University of
California, Irvine. He has been recognized as a Web of Science Highly Cited
Researcher. His research and teaching interests are centered on theory and
applications of systems and control. He was a recipient of the IEEE Control
Systems Award, the NSF Presidential Young Investigator Award, the American
Automatic Control Council’s Donald Eckman Award, the Japan Society for
Promotion of Science Fellowships, the World Automation Congress Honor,
the IEEE W.R.G. Baker Prize Award, the IEEE CSS George Axelby Best
Paper Award, the Hugo Schuck ACC Best Paper Award, and the Distinguished
Alumnus and Distinguished Service Awards from the Indian Institute of
Technology Bombay. He is a fellow of IFAC and AAAS.

Authorized licensed use limited to: UNIVERSITY NOTRE DAME. Downloaded on October 05,2020 at 17:36:32 UTC from IEEE Xplore. Restrictions apply.


http://dx.doi.org/10.1016/j.rser.2015.07.199

