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Abstract—We develop a tri-level model of transmission and
generation expansion planning in a deregulated power market
environment. Due to long planning/construction lead times and
concerns for network reliability, transmission expansion is
considered in the top level as a centralized decision. In the second
level, multiple decentralized GENCOs make their own capacity
expansion decisions while anticipating a wholesale electricity
market equilibrium in the third level. The collection of bi-level
games in the lower two levels forms an equilibrium problem with
equilibrium constraints (EPEC) that can be approached by either
the diagonalization method (DM) or a complementarity problem
(CP) reformulation. We propose a hybrid iterative solution
algorithm that combines a CP reformulation of the tri-level
problem and DM solutions of the EPEC sub-problem.

Index Terms—Generation Expansion Planning, Transmission
Expansion Planning, Equilibrium Problem with Equilibrium
Constraints, Mathematical Program with  Equilibrium
Constraints, Complementarity Problem, Nash Equilibrium.

NOMENCLATURE

A. Sets

N Electricity nodes indexed by i, j, &

L Transmission lines indexed by ij

Ny, Set of electricity nodes where a GENCO is located
indexed by i, j, k

B. Primal Decision Variable Vectors

z (First level) Binary decision variables for transmission
lines, with elements for existing lines set fixed to 1

Vymew (Second level) Generation capacities after expansion,
MW

q (Third level) Demand satisfied at electricity nodes, MW

6 (Third level) Voltage angles at electricity nodes

/ (Third level) Electricity flows on transmission lines, MW
vy (Third level) Generation amounts at electricity nodes, MW
n (Third level) Price (scalar) at the reference electricity node,
$/MWh
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C. Parameter Vectors

a Intercepts of electricity demand prices as linear functions of
quantities, $/MWh

b Slopes of electricity demand prices as linear functions of
quantities, $/MWh/MWh

¢ Linear coefficient of the generation cost function, $MWh
e Quadratic coefficient of the generation cost function,
$/MWh/MWh

c®*P Investment costs for generation expansion discounted on
an hourly basis, $/MW

cte*P  Investment costs for transmission line expansion
discounted on an hourly basis, $/MW

6™** Maximum values for voltage angles

6™ Minimum values for voltage angles

V Generation capacities at electricity nodes, MW

U Fuel availability, MW

K Capacities of transmission lines, MW

B Negative susceptances of transmission lines, Q™1

. INTRODUCTION

INCREASINGLY across the U.S. and worldwide, the

wholesale electricity market is composed by separate

generation companies (GENCOSs), transmission owners
(TRANSCOs), distribution companies (DISCOs) and load
serving entities (LSESs) [1]. The Independent System Operator
(1SO) is charged with monitoring the grid, ensuring reliability
and settling the electricity market for a region. The ISOs and
regional reliability councils, who conduct transmission
planning studies and reliability assessment, must consider how
GENCOs’ strategic expansion decisions may react to the
transmission planning decisions, and how the wholesale
markets will perform in response to both the transmission and
generation expansions.

To provide reliable and economic electricity supply,
planners must not only consider generation expansion to
ensure there will sufficient energy to meet future loads, but
also take into account the entire wholesale electricity supply
system including transmission and market clearing by the 1SO.
Resource investment decisions have great impact on market
outcomes. Transmission congestion due to insufficient
transmission capacity can cause spikes in the locational
marginal prices (LMPs) or even load curtailment in extreme
cases. LSEs, who are the buyers in the wholesale market, play
important roles in distributing the electricity to retail
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customers. In restructured markets, expansion decisions may
be justified by potential profit increases rather than cost
reductions. The profit return received by an investor is
determined by an electricity market price settlement. The 1SO
matches the electricity supply bids and demand offers and
settles the LMPs to maximize total market surplus of both
buyers and sellers. Typically this is done on an hourly basis in
a day-ahead market and every 5 minutes in the real-time
market. Moreover, investments in generation capacity will be
effective only if the transmission capacity is adequate to
transport the newly available power to where the demand is
located.

We formulate a market-based transmission and generation
expansion problem and propose a method to solve it. In our
model, each GENCO anticipates prices settled by an 1SO
market clearing problem when making its own investment and
operational decisions. At the same time, the GENCOs’
decisions are also made in response to transmission planning
decisions because sufficient transmission capacity is essential
for GENCOs to reap additional profits from delivering energy
from expanded capacity to the load locations. GENCOs will
hesitate to expand if a high level of grid congestion is likely to
result in future generation curtailment. On the other hand, too
much transmission capacity does not favor generation
expansion either, because low electricity prices provide little
incentive for investment. Therefore, the transmission
expansion planning decision must be considered in a market
based generation expansion planning problem. Although in a
deregulated market, transmission lines are owned by
individual TRANSCOs, transmission expansion planning
remains centralized to guarantee reliability of the transmission
grid. Therefore, our model includes a centralized transmission
planning decision by the ISO, who is mainly in charge of the
reliability of the regional market. The 1SO conducts a resource
adequacy study, anticipates the expansion and dispatch
decisions by multiple GENCOs, and decides where to expand
the grid. Our market-based model captures both dependence of
the GENCOs’ expansion decisions on prior transmission plans
and their anticipation of wholesale electricity market
settlement after expansion.

We formulate the transmission and generation expansion
planning problem as a mixed integer tri-level program, where
the discrete centralized transmission planning decisions occur
in the first level, multi-GENCOs’ generation expansion
decisions constitute the second level, and an electricity market
equilibrium problem forms the third level. Modeling
transmission planning in the top level is consistent with a
principle that transmission planning should proactively
influence generation investment [2]. The lower level
interactions are based on our previous model [3], including
strategic behavior by the GENCOs. Because the tri-level
structure with a sub-problem of bi-level games poses solution
difficulties, algorithms will first be proposed to solve the
collection of bi-level games. This collection can be
reformulated as an equilibrium problem with equilibrium
constraints (EPEC), to which two of the currently available
methodologies discussed in [4] can be applied. We propose a
hybrid iterative algorithm to solve the entire tri-level
programming problem by exploiting the advantages of both
EPEC solution methods. In part 1l of this paper, case studies of

6, 30, and 118 bus test systems are presented to illustrate how
the algorithm works to optimize the transmission expansion
plan in anticipation of generation expansion decisions and
market equilibria.

The contributions of this paper are fourfold: 1) We propose
a novel formulation of centralized transmission and
decentralized generation expansion planning as an integrated
tri-level optimization problem with a sub-problem of bi-level
games. 2) The solution challenges posed by the problem’s
multi-level and bi-level games structure are addressed by first
reformulating the non-convex sub-problem as an EPEC and
solving it by the diagonalization method (DM) as multiple
mathematical programs  with  equilibrium  constraints
(MPECS). Since the concavity of each maximization MPEC is
not guaranteed, we also propose a way to verify the solution as
a local (approximate) Nash equilibrium (NE) point. 3) We
apply a complementarity problem (CP) reformulation to the
entire tri-level programming problem to search for promising
transmission expansion plans. 4) We develop a novel hybrid
iterative algorithm that can successfully solve the entire tri-
level expansion planning model. This approach could be used
by a regional transmission planner to identify a good
combination of proposed transmission projects to implement.

In Section Il, a thorough literature review is given. The
model is presented in Section Ill. Sections IV and V,
respectively, illustrate the algorithms to solve an NE game of
bi-level games, and a tri-level programming problem with a
bi-level games sub-problem. Section VI concludes the paper.

Il. LITERATURE REVIEW

Many recent studies of restructured electricity markets
formulate a single decision maker’s expansion decision with
an 1SO market clearing problem as a lower level sub-problem.
A review of traditional and market based transmission
expansion planning methodologies was summarized in [5].
Transmission expansion with a market equilibrium
subproblem was modeled in [6]. Similar models of generation
expansion include [7], [8], [9] [10]. Bi-level programming
(BLP) models are widely applied to model individual
GENCOs’ capacity expansion decisions and/or bidding
strategies while anticipating the market settlement results [11]
[12] [13] [14] [15].

Game theory is widely applied to model and investigate the
outcomes when multiple strategic players make their
expansion decisions simultaneously. A single level Cournot
game of multiple GENCOs making both capacity expansion
and operational decision was studied, and an equilibrium
solution was iteratively solved by diagonalization [16]. Three
models of solving a single level Cournot capacity game under
different economic schemes were presented in [17]. Given the
parameter assumptions on demand and two types of candidate
units, the existence and uniqueness of the Cournot equilibrium
solutions were also discussed and proved. A two-tier, multi-
period, multi-GENCO equilibrium capacity expansion model
was proposed in [18]. A capacity expansion problem of
strategic multi-GENCO bi-level games was presented and a
co-evolutionary algorithm was applied to search for the NE
solution in [19]. Competitive decisions by multiple GENCOs
to expand in anticipation of market outcomes can be modeled
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Transmission

TABLE |
COMPARISON WITH DIFFERENT MODELS PROPOSED IN PREVIOUS RELEVANT LITERATURE REVIEW
[20] [21] [22] [23] [24] [25] [26] Our Model
Centralized; Centralized; Centralized; Existing Centralized, Centralized; New

Existing/new line

Decentralized; New
line expansion;

Existing/new line

line augmentation;

Existing/new line
expansion; Minimizing

line expansion;

Expansion expansion; Maximize s . expansion; Multi- Minimize operation and . Maximize net
Maximize net profit L - operation and
net surplus criteria investment cost . surplus
investment cost
Generation Decentralized; Decentralized; Decentralized,; T Decentralized; Decentralized;
" . . . Decentralized; Binary . .
Expansion Continuous Binary Continuous Continuous Continuous
Multi-Period No Yes Yes No No No
Expansion
1SO’s Market Minimize system
Problem Maximize surplus cost, minimize loss Maximize surplus Minimize operating cost ~ Minimize operation cost ~ Maximize surplus
of energy probability
GENCO’s Strategic (pair of Strategic (pair of price
Operational Strategic (Cournot) Competitve trategic (pair dic (pair of p Competitive Strategic (Cournot)
price and quantity) and quantity)
Problem
Operathnal Yes Yes No No Yes No
Uncertainty
Solution Optimization of Bi- Simulation of an Search-based and . . Linearization and MILP Itgratlve glg_orlt_hm
: Agent-based Genetic Algorithm ] with Optimization
Method level Games Iterative Procedure Reformulation

Method

of Bi-level Games

as an equilibrium problem with equilibrium constraints
(EPEC). Two of the currently available algorithm to solve an
EPEC problem, diagonalization method (DM) and
complementary problem (CP) reformulation, are discussed in
[4]. Both linearization technique and strong duality theory are
adopted in [27] [28] [29] to reformulate an EPEC problem into
a set of mixed integer linear constraints and solve it to its
optimality. A combination of constructing a linearization of
EPEC problem and validating the solution optimality by DM
is proposed to solve a multi-GENCO’s bilevel capacity
expansion problem in [30]. Comparison of open loop and
closed loop capacity equilibrium in an electricity market is
thoroughly discussed in [31]. This work extended the findings
of [32] and found that an EPEC with capacity planning in the
upper level and any competition types from perfect to Cournot
in the lower level market problem with single load period
yield same results as an open loop Cournot equilibrium, where
multi-GENCO determine their capacity and quantity to sell at
the same time.

When both transmission and generation planning decisions
account for interactions among market players, the planning
model takes on a more complicated, multi-level structure.
Sauma and Oren [20] studied a multi-GENCO equilibrium
expansion planning model with anticipation of an 1SO market
clearing problem, and evaluated the transmission expansion’s
effect on the social welfare of the system by considering
different transmission expansion plans. For various candidate
transmission expansion decisions, the bi-level games were
solved by an iterative DM algorithm. Roh et al. [21]
developed an iterative process to solve a generation and
transmission planning problem by simulating the interactions
among GENCOs, TRANSCOs and 1SO with consideration of
uncertainty, profit from the market clearing decision, and
transmission reliability. Motamedi et al. [22] proposed a
transmission expansion framework to take into account the
expansion reaction from decentralized GENCOs and also
integrated an operational optimization in restructured
electricity market. The problem was formulated as a four level
model and it was approached by agent-based system and
search-based techniques. Hesamzadeh et al. [23] [24] studied a
new framework of transmission augmentation planning

problem with strategic generation expansion and operational
decision and solved a tri-level program by a genetic algorithm.

Pozo et al. [25] studied a three-level generation and
transmission model, and converted it into single level mixed
integer linear programming problem. Table | compares our tri-
level model with the multi-level generation and transmission
expansion models investigated in the previous papers. A level
is labeled as “centralized” if decisions are is made by a single
entity and “decentralized” if decisions are made separately by
individual decision makers. Our formulation is similar to the
one in [20] but we include the transmission plan as a decision
variable in the optimization problem rather than a parameter.
Our tri-level model has a similar structure to that investigated
in [25] [26]. However, we consider price-responsive demand
functions and strategic interactions among the generators at
the operational level. The objective of the system operator, to
maximize the total net surplus, cannot be reduced to
minimizing cost. The problem structure is also similar to [23]
[24] but we consider expansion as new transmission lines
rather than augmentation of the existing circuits, price-
responsive demand functions, Cournot competition among
GENCOs in the operational level, and surplus maximization as
the objective function for the system operator.

I1l. MODEL AND PROBLEM FORMULATION

A. Assumptions

1)For simplicity, we formulate a static model with a single
hour of operation and no uncertainty. Thus, the third
(operational) level represents a typical hour in a single
future scenario for market conditions. At the expense of
increased computational time, the model could be extended
to incorporate multiple periods and probabilistic scenarios
for parameters such as. fuel price and load, or to model
infrastructure contingencies.

2)For the transmission expansion, we only consider building
new lines and do not consider expanding the capacity of the
existing lines. However, the model can be easily extended to
include line expansion without changing the structure of the
problem.
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Transmission v P D) By ! P )
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Second Level
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max Operational Profit | | max Operational Profit
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Generator i

max Operational Profit
- Gen Expansion Cost

I

Third Level

Operational
Igecision max Operational Profit ¥~y
s.t. total supply y = demand B .
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max capacity V- 50

fuel availability U

vl Ty
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Generator i

max System Net Surplus
s.t. load balance [p]
DC power flow equation

transmission capacity Z*K

max Operational Profit B

s.t. total supply y =demand |~

generation capacity """
fuel availability U

Fig. 1. A Tri-level Integrated Generation and Transmission Expansion
Planning Model

3)The transmission and generation expansion costs in the top
two levels are both modeled as linear and are discounted to
form equivalent hourly costs.

4)Each generator at each bus is owned by a single GENCO.
As a Cournot competitor, each GENCO makes his own
decision on the generation quantity to sell in the electricity
market under a type of bounded rationality /33/. A
quadratic generation cost function that will not be affected
by the capacity expansion is assumed. We formulate one
generator per GENCO in the model. However, the model
can be easily extended to multiple generators per GENCO.

5)We assume the market equilibrium in the third level is
simultaneously determined by Cournot competition among
the GENCOs and an 1SO market clearing problem. Its
equivalent linear complementarity problem (LCP)
reformulation generates a unique NE solution due to the
concave objective functions and convex feasible regions
[20]. Although the Cournot model simplifies the actual
market structure, its broad market outcomes have been
validated against an agent-based simulation of bid and offer
matching /34]. In contrast, the multiplicity of solutions /9]
[27] [28] [29] in supply function equilibrium formulations
may obscure the effects of upper-level capacity expansion
decisions.

B. Formulation

The problem is formulated as a tri-level model as shown in
Fig. 1 with the ISO’s discrete transmission expansion
decisions on the first level, multi-GENCOs’ separate
generation expansion decisions on the second level, and the
multiple market players’ operational decisions in the third
level. By extending the bi-level model in [3], we decentralize
the generation expansion decisions by separate GENCOs
where, in the lower level, the GENCOs and ISO
simultaneously optimize their own operational benefits. The
GENCO decides its generation level, and the 1SO allocates
energy to the LSEs to maximize the total system surplus.
Different from the lower level model in [3], we do not
consider a fuel supply problem to account for the fuel
availability and fuel transportation capacity. Instead, for a
simplified version, we include a fuel capacity constraint in

each GENCO'’s operational decision problem to represent any
combination of fuel supply and transportation capacity
constraints. Since the generation decisions are influenced by
the transmission grid, it is assumed that the 1SO makes a
centralized transmission expansion decision in anticipation of
the expansion decisions made by its followers, the GENCOS.
A full mathematical formulation of the mixed integer tri-
level nonlinear programming model is proposed as below,
where the variables in the brackets to the right of constraints
are their corresponding dual multipliers.
o First Level: From a system point of view, the 1SO collects
the information about future loads and resources and makes
a centralized decision, z, on transmission expansion to
maximize system net surplus, equivalent to system total
surplus less generation and transmission expansion cost:
max ; Xjen G bjaj + a,-qj) — 2 jengen(Cys + €37) =
Sijer ¢y P Kijzij = Tjengen ¢ T (Y = V) (1)
e Second Level: Each GENCO k makes its own expansion
decision V,'*", given the other GENCOs’ decisions and in
anticipation of market clearing results. Each GENCO k
maximizes its net operating profit from selling the power in
the electricity market less the expansion cost:
maxynew (P — Ci — €xYi)Vi — il PR = Vi) (2)
st VY =V, =0 [unVV, = 0] 3)
o Third Level: The ISO chooses ¢, f, and @ to optimize both

the sellers’ and buyers’ surplus, ey ijq}?+ajqj)—

ZjenPjd; ad Xjeny,, DY — Zjengen (G + 7). and
transmission rent, Y;;e;(p; — pi)fi;j . the total of which
reduces to Z]'EN (% b]qu + a]q]) - ZjENgen(ijj + e]yjz)
Because Y jen,,,(cjy; +eyf) remains constant in this
optimization problem, it is equivalent to maximize
Yjen (% biq? + ajqj). Constraint (5) gives the load balance
on each electricity nodes. Equations (6) and (7) give the
bounds on voltage angles. Equations (8) and (9) are the
linearized power flow equations. The thermal transmission
limits are enforced by constraints (10) and (11). M;; is a big
value so that when z;; is 1, f;; = B;;(6; — 6;); otherwise,
the constraints (8) and (9) are relaxed. Here, with a direct
current optimal power flow approximation, we assume the
voltage angle at reference bus, 6,., = 0, and the ranges for
all other voltage angles are within +0.6, so that M;; =
1.2B;; suffices.

1
maxge (5 baj + a;q; ) “)
S.t.q]-+2jifji_2ijfij=yj' VjEN [p]'] ®)
0; < 0", ¥j €N [af > 0] (6)
—6; < —M"", vj € N [af > 0] @)

fij < zijKij, Vij €L [Af; = 0] (10
—fij < zijKij, Vij €L [4;; 2 0] (11)
q; =0, VjEN [§ = 0] (12)

Simultaneously, each GENCO i maximizes its operational
profit with anticipation of their decisions’ effect on the
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reference price, n, and determines its quantity to sell [33].
Equation (14) implies balance of total demand and
generation, (15) indicates that the generation level must not
exceed its capacity. Inequality (16) imposes a constraint on
fuel availability, which also implies an upper bound on the
generation level y and expanded capacity V;**V, that
restricts the feasible region and makes the problem
computationally easier to solve.

max,,, (+o;—c—ey)y; (13)
¢ e—
sty + nE,-bij =3 ’bja’ — Yy 8] (19)
yi VMY [w; = 0] (15)
yi <U; [pi = 0] (16)
yi =0 [{;=0] 7

The reference node LMP and price premia at non-reference
nodes that appear in (13) and (14) are respectively defined
in equations (18) and (19), which link the dual variables, p;,
in the ISO’s problem and the reference price, 7, in the
GENCO'’s problem.
N = Dref (18)
$;j=pj—n VJEN (19)
Working from the bottom to the top, the sub-problem in the
third level is an equilibrium problem formed by combining
equations (13) — (17) for each GENCO with (4) - (12), (18),
and (19), given the decision variables in the upper two levels,
z;; and V*®", as fixed parameters. The bi-level sub-problem in
the lower two levels consists of the objective function (2)
subject to constraint (3) and the decision variables (q, etc.),
with corresponding dual variables, being optimal in the lower
level equilibrium problem (4) — (19), given the decision
variables in the first level, z;;, as fixed parameters. Finally, the
entire tri-level program includes the objective function (1)
subject to the decision variables V™¢" being optimal in the bi-
level sub-problem (2) — (19).

IV. ALGORITHM TO SOLVE THE EPEC SuB-PROBLEM

To approach the optimization of the tri-level expansion
problem with electricity market, we first study its equilibrium
sub-problem, given in equations (2)—(19), without considering
the 1SO’s centralized transmission expansion decisions in the
first level. This game involves generation expansion decisions
from multiple GENCOs, where each of their separate
optimization problems is a bi-level problem with multiple
followers including all GENCOs and the 1SO. Each GENCO’s
bi-level problem, in equations (2)-(19), can be reformulated as
an MPEC by replacing the lower level optimization problems
in equations (4)-(17) with their equivalent first-order
optimality conditions given in equations (20)-(35) [4]. Each
perpendicular constraint; e.g., ™% —6; L aj+, can be further
converted to an equivalent nonlinear reformulation; e.g.,
(6™ma* — 6;)a; = 0. Therefore, for each equilibrium
constraint, there are three corresponding dual variables: two
for the equations or inequalities and one for the nonlinear
reformulation of the perpendicular relationship. For example,
in equation (24) u6;; = 0 and pay; = 0 are dual variables for
equations 6™** —6; >0 and a;" >0, respectively while
ubaj; is the dual variable for the equation (6™ — 6,)a;" =

0. In each GENCO k’s problem, the other GENCOs’ capacity
expansion decisions are considered as fixed parameters. The
subscript of dual variables starting with k indicates the specific
sets of dual variables for GENCO k. Also the dual variables

for (18) and (19) are, respectively, un, and ug,;.
—af +ai = Xy viiBiy + ZivjiBji + LivijBij — ZivjiiBji = 0
Vj €N [udby;](21)
pj =i — Vi +vij— A+ A =0, Vij € L [udfiy;] (22)
aj+Xjifii —Zijfij =y Vi €N [uqyij] (23)

6m* —6; 20 Laf 20,¥jEN

[46); = 0, uay; = 0, ubay;] (24)
6, —6™" >0 La; =0,VjeN
[/,19,:]- =0, puay; = 0,,1190(,:]-] (25)

—fij+Bij(6: —6;) + (1 —2;)B;1.2 =0 Ly} =0,Vij €L
[Mfktj =0, .UY;U =0, #fV}jij] (26)

[#fiij 2 0, 1¥ii; 2 0, 1f Vicij] @7)
2K —f; =0 LAG = 0,V €L

[uKie; = 0, udig; = 0, uK 2] (28)
2K+ f; =0 LA =0, €L

(1KY = 0, udiei; = 0, uK Ajij] (29)

n+¢;—c¢—2ey; =B —uj—p;j+3; =0,V €Ny

] e
y;j + B Eibli =0, Vj € Ny [udny;] (32)
Ve —y; 201Lpu;20,VjEN
[unVi; = 0, pupge; = 0, unVpuy| (33)
Uy—y;=01p; =0Vj€EN
[uUk]- = 0,upr; = 0,ulpy; = 0] (34)

Y201 =0, VjEN [y =0,udy; =0, uydy;] (35)

A. Diagonalization Method (DM)

One way to find an equilibrium solution, if one exists, is to
iteratively solve each GENCO’s problem by fixing the other
GENCOs’ expansion decisions to their current optimal
solutions, which is called DM in [4]. In other words, the
optimal solution determined by each GENCO should be
identical to the value that the other GENCOs assume as a
model parameter of their own optimization models. However,
the existence of a pure Nash equilibrium (NE) strategy is not
guaranteed for the EPEC sub-problem, and the GENCOs’
expansion decisions, V**" , can oscillate, usually among two
or more different values within a small range, generally by 1-
3% and at most 5% from our computational experience.
Therefore, we define a maximum number of iteration cycles
and an approximate NE solution as the average of the
subsequential limiting solutions, which will be further
illustrated in Part 1l of this paper. The model of producers in a
Cournot game under a type of bounded rationality drastically
limits the number of possible Nash equilibria compared to a
supply function equilibrium formulation as in [23]. In our
numerical studies described in Part Il of this paper, multiple
Nash equilibria are not observed.

The DM algorithm is illustrated in Table Il. First, we solve
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the MPEC for GENCO 1 by initializing the values of the other

GENCOs’ expansion decisions Vzrf__elx;zgl, equal to their

existing capacity, VZ,__|Ngen| as model parameters and GENCO
1’s existing capacity V; as starting point for V]***. Once the
optimal solution V**¥* for GENCO 1 is obtained, it is
considered as a model input V;"***?" to the next MPEC
problem of GENCO 2 while V;*/*?* remain the same for the

gen|

new problem. The iteration continues with starting point for
Vit€Was updated V" until the MPEC problem of the final
GENCO is solved. Because the decision V**" can only be
changed when the MPEC of GENCO k is solved, V**" is
updated once during a round of n iterations (one for each
GENCO). If, after a round of iterations, the changes in value
of each GENCO’s decision are all within the predefined
threshold &, we conclude that an equilibrium has been
identified and stop the iteration process. Otherwise, we
continue the iteration until the predetermined limit is reached.
The MPEC problem can be solved in GAMS by using the
solver NLPEC [35], which first reformulates our MPEC into a
nonlinear program (NLP), and then calls the NLP solver
CONOPT [36] to solve the problem.

TABLE Il
SOLVING THE EPEC SUB-PROBLEM BY DM ALGORITHM
DM Algorithm
newequ .
Input parameters V, | Ngenl?

Let ConvergenceFlag = 0, Cycle=0;
While (ConvergenceFlag = 0 and Cycle <MaxCycle)
Let ConvergenceFlag = 1;
For GENCO k=110 |Nge,|
Cycle = Cycle+1,
Solve GENCO k’s MPEC problem, Equations (2), (3), (18), (19),
(20)-(35), with optimal solution V*¢"*;
|f |V’;new* _ anewequl 2 <
ConvergenceFlag = 0;
End If;
Let anewequ — angw*;
End For
End While

new _ pynewequ
Output Vlv--r‘Ngenl ~ "1, |Ngenl’

B. Complementarity Problem (CP) Reformulation

Another way to find a NE solution of the equilibrium bi-
level sub-problem is through CP reformulation [4]. Combining
the MPEC problem for each GENCO results in an equilibrium
problem with equilibrium constraints (EPEC). The CP
reformulation combines the KKT conditions of each MPEC to
reformulate the EPEC into a mixed complementarity problem
(MCP). Given the lack of convexity of each MPEC, optimality
to the CP reformulation is only a necessary condition for a
solution to be an equilibrium of the original bi-level games,
but not a sufficient condition. Specifically, the solution found
by CP reformulation is a stationary point of the original EPEC
problem. The derivation of the CP reformulation can be found
in Appendix A.

V. AHYBRID ITERATIVE ALGORITHM TO SOLVE THE TRI-
LEVEL PROGRAMMING PROBLEM

Upon CP reformulation of equations (2) — (19), the tri-level
problem (1) — (19), can be converted into a single level

optimization problem with a set of nonlinear, linear and

complementarity constraints (38) — (95) as shown in Appendix

A. The reformulated problem, consisting of the equations (1)

and (38) — (95), is a generalized MPEC with mixed integer,

linear, nonlinear and equilibrium constraints, and can be
solved by the NLPEC solver in GAMS. The NLPEC solver
provides several different reformulation methodologies to
approach MPEC problems [35]. The type of MPEC
reformulation we found the most successful and reliable is to
penalize violation of the equilibrium constraints in the
objective function by first converting each equilibrium
constraint, 0 <x Ly >0, to its equivalent constraint set:

x =0,y = 0,xy =0, and then including a term, 1/uP¢"xy,

in the objective function. As the reciprocal penalty parameter

uPe™ iteratively decreases to zero, the penalty applied to
xy # 0 increases until solutions eventually approximate

xy = 0 [35].

Because of possible occurrence of non-existing pure NE
solution, the MPEC problem might not even be feasible,
instead of solving the entire MPEC problem by itself, we relax
it and adopt it to identify a promising transmission plan. We
then evaluate the generation expansion and market outcomes.
Two of the currently available approaches to solve bi-level
games as an EPEC are DM and CP reformulation. Based on
our computational studies reported in Part I, given a certain
transmission expansion planning decision, the performance of
DM is quite stable in successfully identifying the
(approximate) Nash equilibrium (NE) of the bi-level games;
while the CP reformulation, since it is not an equivalent
reformulation of the original bi-level game, can only find a
stationary point and provide a bound for the original problem.
However, the benefit of CP reformulation is to be able to solve
the entire tri-level problem as a single level problem that
includes the transmission expansion decisions z;;. With all
these considerations in mind, we propose a hybrid iterative
algorithm that takes advantage of both methods. It first solves
a master problem, transformed from the CP reformulation, to
propose a transmission expansion decision z™a5t"" in the n-
th iteration. Given that transmission expansion plan, it
employs DM to find an (approximate) NE point of the game of
bi-level games. The iterative solution procedure is illustrated
in Figure 2, and a detailed explanation of the hybrid algorithm
is in Appendix 4.B of [37]. The steps of the algorithm are as
follows:

e Step 1: Set n to 0. Initialize the best found system net
surplus, F¢st, to 0, and let the objective value lower bound
constraint (36) of MINLP master problem be greater than
FPest, Go to Step 2.

F(z, Q) > FPest,
where Q = {anew, q, y}, F(Z, .Q) = Z] (% b]q]2 + a]q]) -
Sengen() + €37) — Tijer iy " Kz —
Siengen & (V" = V) (36)

e Step 2: Solve a MINLP master problem A-n. If the MINLP
master problem A-n can be successfully solved to an
optimal solution, we fix the transmission expansion decision

zMaster—n and continue to solve the EPEC sub-problem B
with DM. Go to Step 3. Otherwise, the algorithm is
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Initialize lower bound
constraint (36)

F(z Q)2 F™

A 4

in Eqn. (57)-(77), (84)-(93)
and (36), (37)) )

Solve a MINLP Master Problem A-n
(Eqn. (1), (38)-(95), excluding the
complementarity constraints

v

Feasible

1. add constraint (37-n)
tO Cut Zmaster—n

Optimal Transmission
Expansion Plan z

Return the best found solution '\
and objective value

1.update constraint (36)
master—n

master—n

A

(Eqn. (2),(3)18)-(35))

master—n

by fixing z

Solve a EPEC Sub-problem B

with Diagonalization Method

F (Z,Q) > Fbest — F gzmasterfn : qub
2.add constraint (37-n) to cutz
3. update the best found solution and
objective value
A

No

Calculate the Optimal
Objective Value F’ (z"’”‘""r_” Qe )

7 F ( Zmasterfn qub ) > Fbes\i\\
j 2

Yes

Fig. 2. A Hybrid Iterative Algorithm to Solve a Tri-level Problem with an EPEC Sub-problem

terminated and best solution found so far is returned as the
final solution.

e Step 3: With optimal solution Q"0 = {Vj“"'WS“b, qS“b,yS“b}

found by DM, the system net surplus F(z™master—n, qsuby js

calculated. If F(zmaster-n qsub) > Fbest go to Step 4.

Otherwise, go to Step 5.

e Step 4; Update constraint (36) with
Fbest = F(zmaster-n sub) add a constraint (37-n) to cut
zmaster—n noint and update the best found solution and its
objective value, F(zmaster—=n, sub) | et n =n+1, and go
to Step 2.

Zijlz{]naster—n=1(1 - Zij) + Zij,zir]naSter_nzo(Zi]') >1 (37'“)
e Step 5: Add a constraint (37-n) to cut zmaster—n

n =n+ 1, and go to Step 2.

The hybrid algorithm is not guaranteed to find a global
optimal solution of the tri-level model. However, the
numerical results for two of the case studies presented in Part
Il of this paper are validated as the global optimal solutions.

Let

VI.

In this paper, we consider an integrated transmission and
generation expansion planning problem in a restructured
electricity market environment. We propose a novel tri-level
programming model, where a centralized transmission
expansion planning decision in the top level is made in
anticipation of the multi-GENCOs’ responses in terms of their

CONCLUSIONS

generation expansion decisions in the middle level, while each
GENCO also makes its capacity expansion decision by
anticipating the electricity market equilibrium results achieved
by all the GENCOs making their generation decisions, and an
ISO’s market clearing problem in the bottom level.

The tri-level programming model includes an EPEC
problem, which can be approached by either the
diagonalization method (DM) or a complementarity problem
(CP) reformulation. To solve the tri-level optimization
problem, a hybrid iterative algorithm is proposed by taking
advantage of the strengths of both DM algorithm and CP
reformulation. The benefit of applying CP reformulation is its
capability to transform the tri-level model into a single level
MINLP problem, to which we can apply the DICOPT solver
[38], and identify a promising transmission planning decision
in each iteration. Because of the model’s nonconvexity, there
is no guarantee that a global optimum will be identified by any
solver designed for convex MINLPs. Among these, DICOPT
has been found to be relatively fast on a variety of problems
[39] and, in our computational experience described in Part |1,
produced good results. A thorough study of which MINLP
solver performs best in this context is a subject for further
research. On the other hand, given a preselected transmission
expansion decision, the DM algorithm works more reliably
and efficiently to find the corresponding (approximate) Nash
Equilibrium (NE) point for the generation expansion bi-level
games.

The problem we consider in this paper is a static model that
considers only a single hour in a future year, which will
always result in the generation levels y being equal to the new
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capacity levels V™€, In the future, we can extend the model
and the algorithm to take into account multiple periods and
uncertainties. Instead of having one equilibrium problem in
the third level, the model should include multiple equilibrium
problems under different scenarios for, e.g., demand levels
and fuel prices. Each generator’s MPEC problem would be to
maximize average net profit. The resulting buyers’ and sellers’
surplus amounts would be averaged in the top level objective
with appropriate weighting factors.
Part 11 of the paper will continue with numerical results.

APPENDIX A.
CP REFORMULATION FOR MuULTIPLE GENCO’s EPEC Sus-
PROBLEM

The CP reformulation for the EPEC sub-problem, equations
(38)-(95), are derived as following, based on /4]. L represents
the Lagrangian function of the second level problem (2) —
(19), with a nonlinear reformulation (20) — (35) replacing the
third level problem, given by equations (4) — (19).

A. Partial derivatives of Lagrange function

There are all together 19 sets of equality constraints with
dimension|Nye, | + 7|Nyen|IN| + 5|Nyen |IL] + 6|Nyen || Nyen)-
They have the same number of unrestricted variables to match
them, respectively udqyj, udOy;, udfiij, pdy;, pdng;,
1Upyj, Hqyyj, HOay;, puay;, ufydh, ufviy, ukAf, pkKag,
18y, WYYy, M0V tyejy LY Skjr BNy K-

Luy, = =& + unVVy + unVy o + unV ey = 0,Vk €
Ngen, Kk € Nyey (38)
Lg; = udqyjbj + uqyy; + uqi; + 1qdy;6; = 0, vk €
Nyen.j €N (39)

Ly, = —uby; — pbai;af + uby; + ubaya; —
Yi(ufeijBij + ufviijviiBij — tfijBij — 1 ViiviiBij) +
Yi(ufidiBy + ufvitviiBi — ufiiBy — ufvijiviiBy) = 0,Vk €
Ngen,j € N (40)
Ly, = —1qykj + Hqyi; — Ufei — W Viij¥is + Wiy +
1fViajVii — BKiG — BK A A + iy + pK A5 =
0,Vk € Nyen, ij € L (41)
Ly, = Pj=k = Gj=k — 2€j=kYj=k — 2&jptdy; + pdny; +
2 1yyj — Vi — pnV iy + pyyj + mySei6i — Uy =
0,Vk € Ngen,j € Ngen (42)
Ly, =Y judyy; + ung + X udrj = 0,Vk € Nyep, (43)
L¢j = .u'dyk] + ‘U,(Pk} = 0, vk € Ngen,j EN (44)
Ly; = Yj=ke — ndqy; + X udfiij — Xibdficji — nye; =
0,Vk € Nyen,j EN (45)
Lot = —ud0y; + uag; + ubai; (6™ — 6;) = 0,k € Nyen, j € N(46)

Loy = pdOy; + pag; + ubai;(6; — 6™m") = 0,Vk € Nye,,,j € N (47)

Ly;;. = —udOy;B;; + ud0y;B;j — pd fiij + uyi; + uf v [—fij +
Bij(6; — 6;) + (1 — z;;)M;;] = 0,Vk € Ny, ij € L (48)

Lyz = pd0y;Bij — pd6yBij + pdfuij + 1y + ufviylfy —
Ngen,ij € L (50)

Nyen)ij € L (51)

Ls; = pdqyj + pudyj + nqdyjq; = 0,Vk € Nyey, j € N (52)
1 .

Lg; = —pdyy; + pdny; Zjb—j = 0,Vk € Nyen,j € Nyen(53)

Ly; = —pdyy; + pye; + unV (VY —y;) = 0,vk €
Ngen:j € Ngen (54)

Ly, = —udyy; + upij + 1Upy;(Uj = y;) = 0,Vk € Nyen, j € Nyen(55)
Le; = pdyy; + udyj + 1ySi;y; = 0,Vk € Ngen, j € Ngen(56)

B. KKT conditions derived from the optimization problems in
the second level.:

There are all together 21 sets of inequality constraints with
dimension of |Nyen| + 6| Nyen|IN| + 8|Nyen|IL] +
6|Ngen||Nyen|- They have the same number of positive
variables to match them, shown as the dual variables in the
constraints.

Vi =V, =0 L unVV, = 0,Vk € Ny,  (57)
gmax — 6; =01 ub;; = 0,Vk € Nyep,j EN  (58)
6, —0™" >0 L uby; = 0,Vk € Ny, j EN  (59)

_fi]' + BU(Bl — 9]) + (1 — Zl‘j)M 2 0 1 ‘U.fktj Z O;Vk €

Ngen,ij € L (60)
Nyen, ij € L (61)

q; =0 L uqy; = 0,Yk € Ny, j EN (64)
af 20 L pay; 20,Vk € Ny, j EN  (65)
@ 20 L pag; =0,Vk € Nyepp, j EN (66)
Vi 20 Luygi; =20,k € Nyepp,ij EL - (67)
¥ij 20 L uyy; =0,k € Ny, ij EL - (68)
Af; =0 L pdf;; 2 0,Yk € Nyep,ij €L (69)
A =0 L pki; = 0,Yk € Nyep, ij €L (70)
8; =0 L uby; = 0,Vk € Nyep,j EN (71)

V}_new -y = 0L 'undj >0,Vk € Ngenﬂj € Ngen (72)

Ui—y; 20 L uls; 20,Yk € Nyen,j € Nyey (73)
Y, 20 Ly =0,k € Nygn,j € Nye ~ (74)
#; =0 L ;= 0,Yk € Nygn,j € Nyen~ (75)
p; =0 Lpp;=0,Vk € Nyep,j € Nyey ~ (76)
{20 Lug;=0,Yk € Nygj € Nyey ~ (77)

C. Equivalent KKT conditions derived from the optimization
problems in the third level
There are all together 18 sets of constraints, among which
there are 8 sets of equality constraints with dimension of
1+ 2|Ngen| + 4|N| + |L| and 10 sets of inequality constraints
with dimension of 3|Ny,|+ 3|IN|+4|L|. The equality
constraints have the same amount of unrestricted variables to
match them, respectively q;, 6;, fi;, ¥;, 1, pj, Bj» @j, While the
inequality constraints have the same number of positive
variables to match them, shown as the dual variables in the
constraints.
—af +a; = Niier(Byvi; — Bijvis) +

(78)
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Yijier(Biivii — Bjivji) =0,Vj €N (79)
pi—Di— VitV — A +A; =0,VijEL (80)
N+ ¢;—c —2ey;— B —uj—p;+ ;=09 € Nyep (81)

1 .
yj"'ﬂijb_j:O:VJENgen (82)
qi+2ifji—2ifij=Y,JEN (83)
6m* —0;20Laf 20,VjEN (84)
6, —0™">0Lla; =0,VjEN (85)

—fij + Bij(6: — 6;) + (1 —z;;)M;; = 0 Ly} = 0,vij € L (86)
fij — Bij(6: — 6;) + (1 — z;)M;; = 0 Ly;; = 0,Vij € L (87)

ZiKy—fi; =0 L A% = 0,Vij €L (88)
zijKij+ fij =0 L 4;; 2 0,Vij EL (89)
q;=016;=0,VjEN (90)
VP — > 0 Ly = 0,) € Nyen (91)
Uj—y;20Lp;20,j € Nyen (92)
Y 20120, €Ny (93)

N = Drer (94)
¢;=pj—nVjEN (95)

VIl. REFERENCES

[1] P.L. Joskow, "Markets for power in the United States: An interim
assessment," Energy Journal, vol. 27, no. 1, pp. 1-36, 2006.

[2] M. Awad, K.E. Casey, A.S. Geevarghese, J.C. Miller, A.F. Rahimi, A.Y.
Sheffrin, M. Zhang, E. Toolson, G. Drayton, B.F. Hobbs, and F.A.
Wolak, "Economic Assessment of Transmission Upgrades: Application
of the California ISO Approach," in Restructured Electric Power
Systems: Analysis of Electricity Markets with Equilibrium Models, Power
Engineering Series, Ed.: J. Wiley & Sons/IEEE Press, July 2010, ch. 7,
pp. 241-270.

[3] S.Jinand S.M.Ryan, "Capacity expansion in the integrated supply
network for an electricity market," IEEE Transactions on Power
Systems, vol. 26, no. 4, pp. 2275-2284, 2011.

[4] X. Hu and D. Ralph, "Using EPECs to model bilevel games in
restructured electricity markets with locational prices," Operations
Research, vol. 55, no. 5, pp. 809-827, 2007.

[5] F.F. Wu, F.L. Zheng and F.S. Wen, "Transmission investment and
expansion planning in a restructured electricity market," Energy, vol. 31,
no. 6-7, pp. 954-966, 2006.

[6] L.P. Garces, A.J. Conejo, R. Garcia-Bertrand and R. Romero, "A bilevel
approach totransmission expansion planning within a market
environment," IEEE Transactionson Power Systems, vol. 24, no. 3, pp.
1513-1522, 2009.

[7] J. Su and F.F. Wu, "Evaluation of generation expansion investment
under competitive market environment," in Proceedings of IEEE Power
and Energy Society General Meeting, 2005, pp. 2136-2140.

[8] R. Garcia-Bertrand, D. Kirschen and A.J. Conejo, "Optimal investments
in generation capacity under uncertainty," in Proceedings of 16th Power
Systems Computation Conference, 2008.

[9] T. Li and M. Shahidehpour, "Strategic bidding of transmission-
constrained GENCOs with incomplete information," IEEE Transactions
on Power Systems, vol. 20, no. 1, pp. 437-447, 2005.

[10] S. Soleymani, A.M. Ranjbar and A.R. Shirani, “"New approach to bidding
strategies of generating companies in day ahead energy market," Energy
Conversion and Management, vol. 49, no. 6, pp. 1493-1499, 2008.

[11] C. Ruiz and A.J. Conejo, "Pool strategy of a producer with endogenous
formation of locational marginal prices," IEEE Transactions on Power
Systems, vol. 24, no. 4, pp. 1855-1866, 2009.

[12] S.J. Kazempour, A.J. Conejo and C. Ruiz, "Strategic generation
investment using a complementarity approach," IEEE Transactions on
Power Systems, vol. 26, no. 2, pp. 940-948, 2011.

[13] S.A. Gabriel and F.U. Leuthold, "Solving discretely-constrained MPEC

problems with applications in electric power markets," Energy
Economics, vol. 32, no. 1, pp. 3-14, 2010.

[14] S. Wogrin, E. Centeno and J. Barquin, “Generation capacity expansion in
liberalized electricity markets: a stochastic MPEC approach,” IEEE
Transactions on Power Systems, vol. 26, no. 4, pp. 2526 - 2532, 2011.

[15] S.J. Kazempour and A.J. Conejo, "Strategic generation investment under
uncertainty via Benders decomposition," /IEEE Transactions on Power
Systems, vol. 27, no. 1, pp. 424-432, 2012.

[16] A.S. Chuang, F. Wu and P. Varaiya, "A game-theoretic model for
generation expansionplanning: Problem formulation and numerical
comparisons," IEEE Transactionons on Power Systems, vol. 16, no. 4,
pp. 885-891, 2001.

[17] F.H. Murphy and Y. Smeers, "Generation capacity expansion in
imperfectly competitive restructured electricity markets," Operations
Research, vol. 53, no. 4, pp. 646-661, 2005.

[18] V. Nanduri, T.K. Das and P. Rocha, "Generation capacity epxansion in
energy markets using a two-level game theoretic model," /IEEE
Transactions on Power Systems, vol. 24, no. 3, pp. 1165-1172, 2009.

[19] J. Wang, M. Shahidehpour, Z. Li and A. Botterud, "Strategic generation
capacity expansion planning with incomplete information," /JEEE
Transactions on Power Systems, vol. 24, no. 2, pp. 1002-1010, 2009.

[20] E.E. Sauma and S.S. Oren, "Proactive planning and valuation of
transmission investments in restructured electricity markets," Journal of
Regulatory Economics, vol. 30, no. 3, pp. 261-290, 2006.

[21] J.H. Roh, M. Shahidehpour and L. Wu, "Market-based generation and
transmission planning with uncertainties," /EEE Transactions on Power
Systems, vol. 24, no. 3, pp. 1587-1598, 2009.

[22] A. Motamedi, H. Zareipour, M.O. Buygi and W.D. Rosehart, "A
transmission planning framework considering future generation
expansions in electricity markets," IEEE Transactions on Power
Systems, vol. 25, no. 4, pp. 1987-1995, 2010.

[23] M.R. Hesamzadeh, D.R. Biggar, N. Hosseinzadeh and P.J. Wolfs,
"Transmission augmentation with mathematical modeling of market
power and strategic generation expansion - part |," [EEE Transactions on
Power Systems, vol. 26, no. 4, pp. 2040-2048, 2011.

[24] M.R. Hesamzadeh, D.R. Biggar, N. Hosseinzadeh and P.J. Wolfs,
"Transmission augmentation with mathematical modeling of market
power and strategic generation expansion - part Il," /EEE Transactions
on Power Systems, vol. 26, no. 4, pp. 2049-2057, 2011.

[25] D. Pozo, E.E. Sauma and J. Contreras, "A three-level static MILP model
for generation and transmission expansion planning," IEEE Transactions
on Power Systems, vol. 28, no. 1, pp. 202-210, 2013.

[26] D. Pozo, J. Contreras, E. Sauma, "If you build it, he will come:
Auticipative power transmission planning," Energy Economics, vol. 36,
pp. 135-146, 2013.

[27] C. Ruiz, A.J. Conejo and Y. Smeers, "Equilibria in an oligopolistic
electricity pool with stepwise offer curves," IEEE Transmission on
Power Systems, vol. 27, no. 2, pp. 752-761, 2012.

[28] S.J. Kazempour, A.J. Conejo, C. Ruiz, "Generation investment equilibria
with strategic producers—part |: formulation," IEEE Transactions on
Power Systems, vol. 28, no. 3, pp. 2613-2622, Aug 2013.

[29] S.J. Kazempour, A.J. Conejo, C. Ruiz, "Generation investment equilibria
with strategic producers—part II: case studies," IEEE Transactions on
Power Systems, vol. 28, no. 3, pp. 2623-2631, Aug 2013.

[30] S. Wogrin, J. Barquin, E. Centeno, "Capacity expansion equilibria in
liberalized electricity markets: an EPEC approach," IEEE Transactions
on Power Systems, vol. 28, no. 2, pp. 1531-1539, 2013.

[31] S. Wogrin, B.F. Hobbs, D. Ralph, E. Centeno, J. Barquin, "Open versus
closed loop capacity equilibria in electricity markets under perfect and
oligopolistic competition," Mathematical Programming, Forthcoming.

[32] D.M. Kreps, J.A. Scheinkman, "Quantity Precommitment and Bertrand
Competition Yield Cournot Outcomes,” The Bell Journal of Economics,
vol. 14, no. 2, pp. 326-337, 1983.

[33] J. Yao, I. Adler and S.S. Oren, "Modeling and computing two-settlement
oligopolistic equilibrium in a congested electricity network," Operations
Research, vol. 56, no. 1, pp. 34-47, 2008.

[34] S.M. Ryan, "Market outcomes in a congested electricity system with fuel

This is a manuscript of an article from IEEE Transactions on Power Systems 29 (2014): 132, doi: 10.1109/TPWRS.2013.2280085. Posted with permission.



10

supply network," in Proceedings of the IEEE Power Engineering Society
General Meeting, Calgary, 2009.

[35] NLPEC Solver Manual. [Online].
http://www.gams.com/dd/docs/solvers/nlpec.pdf

[36] CONOPT Solver Manual. [Online].
http://www.gams.com/dd/docs/solvers/conopt.pdf

[37] S.Jin, "Electricity system expansion studies to consider uncertainties and
interactions in restructured markets," lowa State University, PhD Thesis
2012. [Online]. http://www.proguest.com

[38] DICOPT Solver Manual. [Online].
http://www.gams.com/dd/docs/solvers/dicopt.pdf

[39] P. Bonami, M. Kilinc, and J. Linderoth, "Algorithms and software for
convex mixed integer nonlinear programs,” in Mixed Integer Nonlinear
Programming.: Eds. New York: Springer, 2012. [Online].
http://www.gams.com/modtype/index.htm#MATRIX

VIII. BIOGRAPHIES

Shan Jin received her B.S. degree in computational
mathematics from Zhejiang University (ZJU), Hangzhou,
China, and her M.S. and Ph.D degree in Industrial
Engineering from lowa State University. In summer 2011
and 2012, she worked as a summer graduate student in
Center for Energy, Environmental, and Economic Systems
Analysis (CEEESA) at Argonne National Laboratory. Her
research interest includes power system planning,
electricity markets, and renewable energy. She is currently with Liberty
Mutual Insurance Group.

Sarah M. Ryan (M’09) received her Ph.D. degree from
The University of Michigan, Ann Arbor. She is
currently Professor in the Department of Industrial and
Manufacturing Systems Engineering at lowa State
University. Her research applies stochastic modeling
and optimization to the planning and operation of
service and manufacturing systems.

This is a manuscript of an article from IEEE Transactions on Power Systems 29 (2014): 132, doi: 10.1109/TPWRS.2013.2280085. Posted with permission.





