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Linearizing Bilinear Products of Shadow Prices and
Dispatch Variables in Bilevel Problems for Optimal
Power System Planning and Operations

Nicholas D. Laws

Abstract—This work presents a method for linearizing bilinear
terms in the upper level of bilevel optimization problems when the
bilinear terms are products of the primal and dual variables of
the lower level. Bilinear terms of this form often appear in energy
market optimization models where the dual variable represents
the market price of energy and the primal variable represents
a generator dispatch decision. Prior works have linearized such
bilinear terms for specific problems. This work is the first to
demonstrate how to linearize these terms in the most general case
and the conditions required to perform the linearization for bilevel
problems with integer or continuous variable in the upper level.
The method is provided in an open source Julia module that allows
researchers to write their bilevel programs in an intuitive fashion.

Index Terms—Duality, optimization methods, power system
economics, power system planning.

1. INTRODUCTION AND BACKGROUND

INCE the restructuring of electricity markets began in the
S early 1980’s [1] and the introduction of locational marginal
pricing into large scale power markets in the 1990’s researchers
have been investigating electricity market design optimization
problems. From a market participant point-of-view one of the
most critical terms in a problem is the price signal (typically
in $/MWh) from the market operator multiplied by the energy
delivered (MWh) by the participant, which together represent
the participant’s income. When both the price signal and energy
delivered are decision variables in a mathematical program then
the problem becomes bilinear.
In many electricity markets the price signal to market par-
ticipants (or generators) is determined as the marginal price
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of the load balance constraint at any given network node at
any given time step. The objective of the market model is to
minimize the total cost of energy, or as it is commonly known:
maximizing the social welfare. The constraints of the model
typically represent an approximation to the power flow equations
and take participant cost functions as input.

Equilibrium models allow modeling both the electricity mar-
ket and participant behavior by including the power flow con-
straints and multiple, competing objective functions. Bilevel
or Stackelberg Game formulations are common in electricity
market models that include participant objectives, which are
typically to maximize profits.

Ruiz et al. 2009 [2] is the earliest known example to demon-
strate that bilinear terms for market price and participant dispatch
can be linearized. Their model places the market participant
in the upper level, which chooses its offer curve for energy
generation, while the lower level models the electricity market
given the other participants’ offer curves. Fernandez-Blanco
et al. 2016 [3] is the first to find a linearization for the same
bilinear terms (products of lower level primal and dual variables)
in the upper level of a bilevel program for revenue adequacy
constraints. More recently, Naebi et al. 2020 [4] forms a bilevel
problem to optimize the bidding strategy of a microgrid owner
in a day ahead market. The upper level minimizes operating
costs from the microgrid owner’s perspective with the product
of its exported power and the dual variable of the lower level,
linear power flow load balance in its objective. (In other words,
the microgrid operator knows its impact on the market price).
The lower level minimizes the system operator’s cost, including
the payment to the microgrid owner, subject to linear power flow
constraints. Xu et al. 2020 [5] proposes a bilevel model in which
the upper level represents a coalition of PV system owners that
can sell excess power to the grid or to other consumers. The
upper level objective contains a bilinear product of the price to
charge consumers and the level of excess PV production to be
sold. The lower level objective is the sum of the PV owners’
cost functions, which contain the benefit of selling excess PV
and the cost of consuming grid power. The bilinear product of
price and dispatch variables is linearized by setting the lower
level primal objective equal to the dual objective. Additional
problem specific examples of the linearization technique can be
found in [6] and [7].

Each of the aforementioned examples presents problem-
specific examples of how the bilinear products of shadow prices
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and dual variables can be linearized in bilevel problems using
Strong Duality Theorem [8]. This paper presents a general
algorithm for linearizing the bilinear terms of interest and de-
termines the exact conditions under which the bilinear terms
can be linearized in general bilevel problems. The algorithm is
implemented in an open source Julia module for mathemati-
cal programming that allows researchers to write their bilevel
problems in an intuitive fashion ([9], which extends [10]). After
showing the linearization algorithm we present some simple
and complex use-case examples to demonstrate the value of
the linearization method for power system planning research
questions. In the complex use-case, with a power flow model, we
show that the linearization method makes otherwise intractable
problems solvable in a matter of minutes. Using the open source
module other researchers can take advantage of the linearization
method for any bilevel problem with bilinear products of shadow
prices and dispatch variables of interest.

II. LINEARIZATION METHOD WITH INTEGER UPPER LEVEL
VARIABLES

We begin by assuming that the upper level variables x are
integer such that any product of integer « and the continuous
variables g or A can be made linear using binary expansion [11]."
The bilevel problem with bilinear terms in the upper level
objective and a linear lower level is

peoinF@y) + AT Ay (la)
st. g(x,y) <0 (1b)
y € arg ming gy 'y + "By (1c)
st. y<y<y (unm) (1d)
Uzx+Vy=w (1). (le)

Table I summarizes the terms in (1). Note that the method
is also valid for bilinear terms of A and y in the upper level
constraints, but they are not shown for clarity.

The linearization algorithm is applicable when the upper level
and/or the lower level problems are non-linear in constraints or
objectives. However, the lower level constraints that include the
lower level variables from the upper level bilinear terms must
be linear to get an exact linearization of the upper level bilinear
terms. Futhermore, we assume that the lower level problem is
linear in its decision variables (given the upper level decisions)
so that we can replace the lower level with its Karush Kuhn
Tucker conditions to show single level problem equivalents to
the non-linear bilevel problems of interest.

To linearize any A ;y,, term one must combine the lower level
primal and dual constraints. The dual formulation of the lower
level problem is shown below for reference.

max Yy pu—-g m+ (w—Uzx)" A
BpeRN AeRI T T

(2a)

stVA=c+pm—p+B'x (2b)

't is important to note that in some cases good bounds, which are necessary
for the “big M” constraints used to linearize the product of integer and continuous
variables, cannot be found [12].

TABLE I
SETS, INDICES, PARAMETERS, AND DECISION VARIABLES

Decision Variables

x € RM upper level, primal decision variables

RS RN lower level, primal decision variables

AeRr’ lower level, dual variables for equality constraints

e Rﬁ_’ lower level, non-negative, dual variables for upper
bounds

M E Rf lower level, non-negative, dual variables for lower
bounds

Parameters

ce RN lower level cost coefficients for lower level deci-
sions y

U e RI*M lower level equality constraint coefficients for upper
level decisions x

V e RIXN lower level equality constraint coefficients for lower
level decisions y

we R’ lower level equality constraints right-hand-side

yeRN upper bounds for lower level, primal decision vari-
ables

RS RN lower bounds for lower level, primal decision vari-
ables

A e RIXN upper level coefficients for bilinear terms of lower
level primal and dual variables

B € RMxN lower level coefficients for bilinear terms of lower

level primal and upper level primal variables
Sets and Indices

A {(J,n) € T XN : Aj, #0}

Az {j € J :3In € N such that Aj, # 0}

An {n € N':3j € J such that Aj,, # 0}

J 1,2,...,J,|J| = number of lower level equality
constraints

Ji ©J indices of lower level equality constraints con-

nected to constraint j via non-zero values of V| i.e.
the constraints that share variables with constraint
7 and the constraints that share variables with those
constraints (and so on recursively as described in
Algorithm 1).

Ju Ujea, Ti

M 1,2,..., M, |M| = number of upper level vari-
ables

N 1,2,..., N, |N| = number of lower level vari-
ables

Nn CN indices of lower level variables connected to vari-
able y, via non-zero values of V'

Nu UneaNn

ABar {n € Ay : Im € M such that By,p, # 0}

AB {(j,n) € A:3Im € M such that By,,, # 0}

(9] The empty set

Z The set of integers

The first step is to multiply the lower level primal constraints
(le) by A component-wise:

Vyodl=wol—-U=xoi 3)

where o denotes the Hadamard product.
Second, the dual constraints (2b) are multiplied with y as
follows:

(VIM)oy=coy+pioy—poy+ (BTx)oy. (4

Note that one can also multiply each of the primal constraints by each of the
components of A to get J2 equations. However, in practice the bilinear terms
that appear in the upper level problem are bilinear in y,, and A, where 1 ; is the
Lagrange multiplier of the constraint that involves vy, .
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Algorithm 1: Minimum Set of Equations to Linearize
)‘j Yn.
input : The 2D array V; and the integers (j, n) of
non-zero Vj,.
output: Indices of (F;) and (Dy) necessary to
linearize a \;y,, term.
Lif Vi, =0Vj" € T\ {j} then
| return {},{n} (only need D,,)
end
2. Initialize arrays of integers for the rows and
columns:
J; = {i}
cols_to_check = {k € N\ {n} : Vj, # 0}
N,, = copy(cols_to_check)
3. Recursive search to find all connections
foreach k in cols_to_check do
rows, cols = recursive_array_search(V, j, k, {},
{h
J; < J;j U rows
N, — N, U cols

end
return 7;, N,

Note that any fi,,y, can be linearized because of the upper
bound

Yn < Tp- &)
The complementary slackness condition for (5) allows one to
linearize 71,y :

A similar result follows for any z y,. Combining the last
result with the complementary slackness conditions gives:

(V) oy=coy+pmoy—poy+ (B'z)oy. (1)
Equations (3) and (7) are then combined to produce a system
of equations with the bilinear products of A and y as the un-
knowns. In the following we show how to solve for a specific
A VinYn.
Let the i row of (3) be defined as (P;), which can be written:

(P5) 2 AiVinyn = wiks — A4 Z Vikyr — A Z UimTm ()
keN\{n} meM
And, let the k™ row of (7) be defined as (D},), which can be
written:

(Dk) : ykZ‘/Lk)"l = CkYk + Yy — LY, + Yk Z BrmkTm
icJ meM
(€))

Note that the choice of P for (P;) and D for (Dy,) are inten-
tional: P is for primal constraints and D is for dual constraints.

Algorithm 1 outlines the procedure for determining the min-
imum set of the (P;) and (Dy) equations needed to linearize a
given Ay, term. Note that the algorithm refers to the indices of
(P;) as rows and (Dy,) as columns because the sums over Vjy,
in (8) and (9) are over the rows and columns of V" respectively.

The first step of Algorithm 1 is to check if Vj, is the
only non-zero value in the n™ column of V: in this case
(D,) provides the exact linearization of Ajy, (and (FP;)
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is unnecessary):

L o
Ynh; = 7 (cnyn Yo — 1Y, Yn Z anmm>
J

meM
(10

Note that (10) only applies under the condition that y,, is in
a single lower level primal constraint. Additionally, the bilinear
products of y,, and x,, in (10) can be linearized since we are
assuming that « is integer in this section.

In the second step of Algorithm 1 the first primal equation
(P) is added to the set of row indices that will be returned at the
end of the algorithm (where j is an input). Additionally, for all
the non-zero values in the 7" row of V, except Vjy,, the indices
of the dual equations (D) are added to the set of column indices.
In mathematical terms, this step is taking (P;):

2 Vinn = wiks = x5 > Vikt —hj > Uy (1)

keN\{n} meM

and all of the (D) equations for k € A"\ {n} in order to replace
the bilinear terms of A; and 3, on the right-hand-side of (11).
Each (Dy,) equation can add more bilinear terms of A and y
and so step three of Algorithm 1 adds additional equations if
necessary.

In the third and final step of Algorithm 1 a recursive func-
tion, Algorithm 2, is used to search the array V' for non-zero,
“connected” values. We use the term “connected” to indicate
that one could draw horizontal and vertical paths through V' to
connect non-zero entries to the first entry of interest V;,,, starting
with a horizontal line each time. A horizontal line adds a (F;)
equation and a vertical line adds a (Dy,) equation. The indices
of the rows and columns are collected until a sufficient amount
of equations are obtained to linearize the A ;1/,, term in the upper
level objective.

Note that Algorithm 2 is similar to — but not the same as —
finding the blocks of a block-diagonal matrix. The difference is
that Algorithm 2 does not necessarily find all of the non-zero
values in a block. In other words, one does not need all of the
(P;) and (Dy,) equations that may be available; one only needs as
many equations as unknowns (where the unknowns are products
of A and y entries).

Algorithm 2 has some conditions under which it returns as
error: these errors occur when the search has indicated that
redundant row or column indices should be appended to the
final vectors. Mathematically, these errors indicate that there are
more unknowns than equations and thus the system of equations
is underdetermined.

Let the indices of (P;) and (Dy) returned from Algorithm 1
foragiven (j,n) € A pair be defined as 7; and V,, respectively.
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Algorithm 2: Recursive_array_search.

input : The 2D array V; integers row j and column
k; and two vectors of integers to append to:
rows and cols.
output: Two vectors of integers for the non-zero
entries of V' connected to row j and column k.
rs={j €T\ {j} : Vi #0}
if rs N rows # @ then
| return error: redundant row
end
rows <— rows U rs
foreach r € rs do
CS={]€/€./\/‘\{]€}IV;~]€/%O}
if {cs N cols} # @ then
| return error: redundant column
end
cols < cols U cs
foreach ¢ € cs do
| recursive_array_search(V, r, ¢, rows, cols)
end

end
return rows, cols

The exact linearization of A ;y,, is:

1
AjYn = 37— > (wa*Nf§:(@mxm>
an j'ed; meM
— Z (Cn’yn’ + Yy — En'gn’
n'eNy,
+yn/ Z an’xm>‘| )
meM (12)

which is simply a combination of (8) and (9) for all of the non-
zero values of V' connected to A;y,,, as demonstrated with the
examples in Appendix A.

Finally, using the result (12) the mixed integer linear form of
(1) is:

min f(z,y)
T, YA
Ajn,
+ 2 Vi Yo wiky =2y Y Upmam | (130)
(Gmyed I |5ed; meM
_ Z (cn/yn, + Yy — Hn,yn/
n/eNn
+yn’ Z an’mm>‘|
meM
st.g(z,y) <0, (13b)
c+Bx+VIA+pm—-—pu=0 (13¢)
y=y=y (13d)
Uz +Vy=w (13e)

(13f)
(13g)

where the lower level problem has been replaced with the
Karush Kuhn Tucker (KKT) conditions and the complementary
constraints can be modeled as special order sets or using the “big
M” method from [13]. Note that this section assumes that the x
variables are integer and therefore the products of z,,, and y,, or
A; can be linearized using binary expansion [11].

It is important to note that finding valid values for the “big
M” can be difficult [14]. The open source package in which
the linearization method presented in this paper is implemented
includes the options to use big M (Fortuny-McCarl) constraints,
special order sets, or indicator constraints to linearize the com-
plementary conditions used to integrate the lower level problem
into the upper level. The latter two methods do not require
defining bounds for the dual variables, but may be more difficult
to solve than the “big M” method.

III. LINEARIZATION METHOD WITH CONTINUOUS UPPER
LEVEL VARIABLES

In Section IT we assumed that  are integer such that all
of the products of z,, and y,, or products of x,, and A; can
be linearized using binary expansion [11]. Here we show the
conditions under which a A ;¥,, term can be linearized when the
upper level variables x are continuous.

The conditions are divided into two groups with one group
less restrictive than the other. The first group of conditions is
less restrictive but does not allow lower level variables y to be
bilinear in both the upper level problem with A and the lower
objective with @. In mathematical terms this is when AB = @,
where AB = {(j,n) € A:3m € M such that B,,,, # 0}.

The second group of conditions allows a problem to be
linearized when bilinear products of Ay, are in the upper level
and bilinear products of x,, y,, are in the lower level objective for
a given n. These types of problems are particularly relevant to
energy system market models, in which the upper and lower
level bilinear products together represent a zero-sum game.
Demonstrative examples are provided in Section IV, in which the
upper level products of A;y,, represent payments to distributed
generator owners and the lower level products of x,,, y,, represent
generator owner income.

A. Conditions When AB = @

Recall that the Algorithms 1 and 2 provide the sets J; for
each 1 ; in the upper level objective. Let 7, 2y e, J;, which
includes the indices of all the lower level constraints that are
connected (via non-zero values of V') to the A ; terms in the upper
level objective. Therefore, in order to eliminate all bilinear terms
of the form A ;Uj,x, in (13a) the following condition must be
met:

Condition 1: Uj,, =0Vj € Ju, Ym € M

Similar to Condition 1, let A, £ | J N,,, then one could
assume that

Condition 2: By, =0Ym € M, Vn € N,

neAy
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to eliminate all bilinear terms of the form ., B, ¥, from (13a).
Under Conditions 1 and 2 the mixed integer result for (1) is

;nllf‘lwf(w SR Aj: Z (wjAjr)
(4,m)eA J'ed;
-y (Cn’yn’ T T — 11, )] (14a)
n'eN,

s.t. g(z,y) <0, (14b)
c+BTx+VA+Tm—p=0 (14c)
y<y<y (14d)
Urx+Vy=w (14e)
rl(y—79) (14f)
nl(y—yvy) (14g)

B. Conditions When AB # ()

The case when Condition 2 is violated and Problem (1) has
bilinear terms in the upper and lower level objectives of the form
AjAjnyn and T, Brnyn, (Where Aj, # 0 and B, # 0), for
some n is particularly relevant to energy system market models.
For example, take the case where A;, = 1 and B,,,, = —1 for
some particular m, j, and n. Let y,, represent a lower level
generator dispatch decision. Then A; represents the marginal
cost of the dispatch decision y,, as well as the upper level’s
cost of purchasing power from the lower level. And —z,,y,
in the lower level objective is the lower level’s income for the
generation ¥,, using the price signal z,,. Section IV provides an
example of such a scenario. Thus it is useful to investigate the
linearization of problems when AB # @ (i.e. when Condition 2
is violated).

The problem of interest has the following structure:

mmf (z,y) Z AjAjinyn (15a)
(j,n)eA
st.g(z,y) <0 (15b)
Y € arg miny CTy + Z Z xmanyn
meM neAy
+ > > @mBunyn  (150)
meM  neN\(AyUN))
st. y<y (w) (15d)
y<y (m) (15e)
D Vingn =w; (a;), VieJ, (150
neN
> UjmTm + Y Vingn = w5 (A)),
meM neN
Vie I\ Ju. (15g)

Note that the products of x and y in the lower level objective
(15c¢) are linearized when the lower level problem is replaced
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with the KKT conditions. And the set of y,, for all n € N'\
(Ax UNMN) in the last sum of (15¢) are the values of y that are
notin the upper level objective nor connected to the y,,, n € Ay,
in the upper level objective. Recall that the connected indices
are provided by Algorithm 1 and captured in NV,. We will show
shortly that the connected y,, values must not be in the lower level
objective with « terms to prevent y,, z,,, terms from showing up
in the (D},) equations needed to linearize the A ;%,, in the upper
level objective. Also, Condition 1 is reflected in (15f).
Now, applying Condition 1 to (12) gives

Ajln = Z wie gt

j'eT;

= > (e + FT
n ENn

SR Y an/xm>]  V(j,n) e A (16)

memM

We wish to eliminate the v, By, terms when AB # @.
Recall that the v,y By @, terms in (12) and (16) come from
the (Dy) equations with B, # 0, and that the (Dj) equations
forall k € N are necessary to linearize the upper level A ; A yx
terms.

Let us assume that a less restrictive version of Condition 2
holds:

condition'. B, = 0¥m € M, Vn € N\ Ay

Condition 2’ implies that none of the lower level variables
connected to the A ; Ay, terms (provided by Algorithm 1) are
in the lower level objective with y,, By, 2y, terms, except the
lower level variables in the upper level objective (y,, Vn € Ay).
Applying Condition 2’ to (16) gives:

Z w]/)\. i — Z (Cn’yn’ + O Yy _Hn/yn’>

AjYn =
Vin J'ed; n N \ Ay
- Z (Cn’yn' + ﬁn’yn’ - Hn/gn/
’n’ENnﬁA/\f
+yn’ Z an’x’rn> 5 v(.]v TL) S »A (17)
meM

Let us also assume that Condition 3 holds:
Condition 3: Ay \ {n} C N, Vn € Ay

=N, NAy =Anx \ {n} Vn € Ay

Condition 3 implies that the y,, Vn € Ay variables of interest
are connected to each other via non-zero values of V. Section I'V-
B provides an example problem, in which the y,, Yn € Ayr are
indexed on time and connected to each other via another time-
indexed variable in each equality constraint that is restricted to
be no more than a certain value across all time.

Condition 3 allow us to rewrite (17) as

Z WA — Z (Cn’yn’ Jrﬁn’yn’iﬁnﬂn’)

j'eT; n’'eNp \ Ay

p>

n'e Ay \{n}

]yn -
n

(C'rb’yn’ + Y — ﬁn,yn,
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Algorithm 3: Minimum set of Equations to Linearize
Ajyn Under Conditions 1, 2/, 3, and 4.
input : The 2D array V; and the integers (j, n) of
non-zero Vj,.
output: Indices of (F;) and (Dy) necessary to
linearize a \;y, term.

1. Initialize arrays of integers:
Jj =i}
cols_to_check = {k € N'\ {n} : Vji # 0}
N,, = copy(cols_to_check)

2. Recursive search to find all connections
foreach k in cols_to_check do
rows, cols = recursive_array_search(V, j, k, {},
h
J; «— J; U rows
N, +— N, U cols
end
return 7;, NV,

+yn Z an’wm>‘| , Y(j,n) € A (18)

meM
Applying (9) to the last summation in (18) gives:

1 _
)"jyn = @ Z wj/)\j/ - Z (Cn’yn’ + Moy Yy 7Hn/yn/)
J'€T; n'eNy \Ax
= Y ww D Vimds || V0Gn) € A, (19)
n'eAy\{n} Jj'ed

This step is key to eliminating the bilinear v,,» B/, terms
when AB # @. The next steps are to impose conditions that
allow us to move the last summation in (19) to the left hand side
to get a single sum of terms over the set A.

Let us assume that Condition 4 holds:

Condition 4: Vj,, =05 € J\{j}, ¥(j,n) € A.

Condition 4 is equivalent to each y,, for all n € Ayr being in
only one lower level constraint. Condition 4 implies that

vk > Vikhy = 2 Vikyk, V(. k) € A
j'eg
Note that Condition 4 requires that Step 1 of the Algorithm be
skipped. The revised algorithm for Conditions 1, 2/, 3, and 4 is
shown in Algorithm 3.
Condition 4 allows us to write (19) as

(20)

1
Ain = 37— > wipdy
Jjn j/ejj
- Z (Cn’ Yn' + ﬁn’yn’ - Hn’gn’)
n’GNn\AN

>

(4/n")eA\{(G:n)}

(yn"/j’n’}‘-j’) ) V(_], TL) € Aa (21)

673
Rearranging (21) gives:
Z )"j/‘/.vj’n’y’ﬂ’ = Z w]’)“]’
(4/m)eA J'€d;
- (Cn«yn/ FE Ty — Hn,gn,) ,V(j.n) € A (22)
n eNR \Ax

Note that since (22) is valid for all (j,n) € A it implies that \,,
are equal for all n € Ay and that J; are equal for all j € A.
Lastly, we see that to replace (jn)eA N Ajnyn with the last
result for Z( jnyearjVinyn We must require that the two sums
are equal to a proportionality constant p:
Condition 5: Aj, = pVin ¥(j,n) € A

= Z }‘-jAjnyn:p Z )‘-j‘/jnyn-
(4,m)eA (j,m)eA

With Condition 5 we can write (22) as:

Z )"jAjnyn =D ij/kj/

(jm)eA j'ed;
_ Z (C’n’yn’ + ﬁn/yn/ — Hn/yn/) V(j, n) S .A (23)
n'E/\fn\A_v

Substituting (23) into (1) and replacing the lower level with the
KKT conditions, under Conditions 1, 2’, 3, 4 and 5 the mixed
integer result is shown in (24). Note that any (j,n) € A can be
used in (24a) to define the sets J; and N,,.

> (winy)

'€

min  f(z,y) +p
T, YA

p>

(ewt + T — 1) | @420

neN, \ Ay

s.t.g(z,y) <0, (24b)
c+Bz+VA+pu—-—p=0 (24¢)
y<y (24d)
y<y (24e)
Urx+Vy=w (24f)
rl(y—-79) (24¢)
rl(y-y) (24h)

To summarize all of the conditions under which (24) is valid:
® Condition 1: Uj,, =0Vj € J,, Vm e M
® None of the connected constraints contain x terms.
Condition 2': By, = 0Vm € M, Vn € N\ Ay
® None of the connected variables are multiplied with @
in the lower level objective, except the y in the upper
level objective that are multiplied with A.
Condition 3: Ay \ {n} C N, Vn € Ay
e Each of the y,, in the upper level objective are connected
to each other via non-zero values of V.
Condition 4: Vi, =0VYj € T\ {j}, Vj € Ay
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e Each of the y,, in the upper level objective are in only
one lower level equality constraint.

Condition 5: Aj, = pVin, V(j,n) € A

e All of the coefficients of the upper level A;y,, terms
are proportional to the corresponding coefficients in the
lower level constraints to the same constant p.

The examples in Section IV meet the Conditions 1, 2/, 3, 4
and 5. The theme in both problems is an energy market model
with a load balance constraint in the lower level, bilinear prod-
ucts in the upper level objective of lower level dispatch variables
and the load balance dual variables, and bilinear products in the
lower level objective of upper level price signal variables and
the same lower level dispatch variables as in the upper level
objective.

C. A Note on Separable Lower Level Problems

It is important to note that the conditions required to linearize
the bilinear products of shadow prices and primal variables can
be applied to sub-matrices when the lower level problem is
separable. For example, in a multi-follower Stackelberg game
the lower level is likely to be separable, such as when mod-
eling multiple distributed energy reosource (DER) owners or
grid customers. In these cases Conditions 3 and 5 should be
checked against the blocks of A and V' corresponding to each
sub-problem. An example of a separable lower level problem is
provided in Section IV

IV. USE-CASE EXAMPLES

It is important to note that the use of the linearization al-
gorithm is not limited to the problem types shown in these
examples. Indeed, the conditions required for the linearization
algorithm are met in each of the references mentioned in Sec-
tion I. For example, other use cases include:

® optimizing generator offer curves in an energy market [2];

e applying generator revenue constraints in a market clearing

process [3];
® and optimal profit sharing in a community microgrid [6].

A. Simple Examples Without Time Indices

The first use-case example shows a step-by-step lineariza-
tion process for a scenario in which the upper level model
minimizes the total cost of power with the option to purchase
power from the bulk system or from customer owned DER.
The lower level can choose to meet its demand from the
grid at some retail rate or invest in DER to lower its total
cost.

I;ll;l CLMPZ0 + AYe (25a)
St.zog+Ye —yi —do =0 (25b)
23 >0 (25¢)
0<ye Ly >0 (25d)

Y € arg min,, CpeRYDER + Cili — TaYe (25¢)
SLYi —Ye tyoer =di (A) (251)
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Uper = Yper = 0, (Zper: fppg) (25g)
Ye = Ye = 0 (T, p1,) (25h)
Ui 2 yi =0 (g, p1,)- (251)

In example (25) the upper level (UL) can purchase power
x¢ at the feeder head at the wholesale price cpyp and/or from
the lower level (LL) at a price of the UL’s choosing. The UL
chooses z; to set the LL’s marginal cost of power A when
the LL chooses to export power y. (’e” for export). The LL
considers buying power y; from grid at the retail rate ¢; (i’
for import) and/or purchasing the DER capacity ypgr at the
cost cpgr to meet its demand d;. Constraint (25b) is the system
load balance, which includes an uncontrollable demand ds (in
practice this constraint is replaced with a power flow model).
Constraint (25d) is the UL enforcement of no simultaneous
export and import.® Constraint (25f) is the LL’s load balance.
The lower level dual variables, ppgr, fte, and p;, are show in

parentheses.
Let y 2 [y, i, yper]T- The lower level has one equal-
ity constraint, making V' =[—1 1 1]. In this case we wish

to linearize the product Ay., making the indices of inter-
est 7 =1 for the first and only equality constraint in the
lower level, and n = 1 because we put y. in the first index
of y.

First, let us check the linearization conditions for this problem.
Note that the set AB is not empty because we have a bilinear
term in the upper and lower level objectives of the form A ; A, y»,
and x,, Bynnyy. Thus, we must check the Conditions 1, 2/, 3, 4,
and 5. To check the conditions we need the sets J,, NV, A
and their sub-sets J;, N,, Ay. With V' = {1,2,3} for the
three LL variables and J = {1} for the single LL constraint,
we get:

e A={(j,n) e T xN :A;, #0} ={(1,1)}

o Ay ={neN:3j€ Jsuchthat 4;, #0} = {1}

With only one pair of (j,n) in .4 we only need to call
Algorithm 3 once with the values for V, j = 1,andn = 1. Algo-
rithm 3 first initializes 71 = {1} and defines the cols_to_check
as {2, 3} because V; 5 and V1,3 are non-zero. The cols_to_check
is copied to start the set Nj and then the recursive search
is started. The recursive search loops over the values in
cols_to_check and calls Algorithm 2, appending the results to
the sets 7; and A/;. In this case no new non-zero values are
found (there is only one row in V') and so Algorithm 2 returns
the values that it was provided. Finally, Algorithm 3 returns the
sets J1 = {1} and N7 = {2,3}.

Now, since we only have one pair of (j,n) in A the union
sets J, and N, are equal to the sets 7, and N/ respectively.
With the necessary sets defined we can use (23) to linearize the
product of A and y, in the UL objective:

Le(=1)ye = dir — (cqypER + UperFDER T Ci¥i + Yill;)

= AYe = CDERYDER + UpgrHpER t Ci¥i + Yilt; — d1A.
(26)

3 Allowing simultaneous power import and export would require two isolated
meters: one measuring demand and one measuring DER production.
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With this last result, we replace the lower level problem in (25) cpEr — A — fiper = 0 (27i)
with its KKT conditions to get the mixed integer linear program: 0 < yoem L p >0 270
1;11;1 cLMpo + CDERYDER + YpprFDER T Ci¥i + Yilli — dih 0<yo Ly >0 276
(272) e
St 20+ Ye —yi —dy =0 27b) O0<wyiLp >0 (271)
2 >0 (27¢) YpER — Yper L fper = 0 (27m)
0<ye Ly; >0 27d) Ye =Y L fle 20 (27n)
Yi —Ye + yper = d1 (1) (27e) Yi— Y LB 20 (270)
yper = 0,ye > 0,y; > 0 (271)
oA =0 @79 ysenu for showing how DER. can berefi sysiem operstors,
ci—A—p;=0 (27h)  First, let us assume that the DER system has a relatively high
prIE,ig,yyx pr; (CLMP tT0,t + ngf:w n,tYe,n,t > + n%\:/B (CBKWTBKW,n + CBKWhTBkWh,n) (28a)
s.t.xot >0, zet 20, 24 >0, VteT (28b)
Pyt = Po1y vteT  (28¢c)
Qo,t = Qou,t5 Vte T (28d)
Piji+ P — > Pi=0, VieNLVEET  (28¢)
keij—k
Qija+Qje— Y Qe =0, VieN, VEeT (28
kij—k
wjp = wi ¢ — 2 (i Pij e +1ijQijt) VieN, VteT (282
(V™) > wjp > (V)2 VieN,VteT (28h)
Pji =g j¢ — T+ o VjieNs, Ve T (28
Qjt = Fori (T g — Tt j4) » VieNe, VEEeT  (28))
Pjt = Ye jt — Yijts Vi€ Npy, VEET  (28Kk)
Qjt = forgt Wejt — Yigit) s Vi€ Npy, VEET (28]
Pjt = ~Yijt, VjENw, V€T (28m)
Qjt = —fpf.jaYits VieNw, VteT  (28n)
Pj = —djy, Vi€ Ny, VteT  (280)
Qjt = —fot.itdjts Vie Ny, VteT  (28p)
Ye,jt L Vit Vi€ Npy, VEET  (28q)
50C,j,t = TS0C,j,i-1 + fur (Tp+ o1 — T~ 51 /1) VieNg, VEeT (280
TBkW,j = T+ j; + TR 4 VjeNg, VteT  (28s)
TBKWh,j = TSOC,j,t VjeNg, VEeT  (28t)
xsoc,j,0 = 0-5Tpkwh, VieNg (28u)
xsoc,j,N, = 0.5TBkwh,j VieNs (28v)

y=y"(z) (28w)
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TABLE II
RESULTS FOR THE USE-CASE EXAMPLE IN SECTION IV-B
cost multiplier | Bulk PV PV MW Battery MW Battery MWh Battery
MWh MWh MWh
purhased| purhased throughput
1x | 129,895 | 2,396 [0.04, 0.00, 0.89, 0.12, 0.97] | [0.00, 0.00, 0.00] | [0.00, 0.00, 0.00] | O
2x | 127,952 | 4,162 [0.06, 0.00, 1.42, 0.19, 1.66] | [0.27, 0.29, 0.31] | [0.58, 0.61, 0.66] | 1,026
3x | 121,799 | 9,890 [0.14, 0.42, 2.84, 0.40, 3.50] | [0.79, 0.18, 0.00] | [1.47, 0.34, 0.00] | 1,020
4x | 94,092 | 36,981 [0.35, 2.66, 8.24, 1.53, 12.8] | [0.30, 0.35, 0.00] | [0.62, 0.74, 0.00] | 752
5x | 72,352 | 61,378 [0.56, 5.00, 13.3, 2.13, 21.2] | [0.34, 0.46, 0.28] | [0.72, 0.96, 0.58] | 1,313

Energy purchased and throughput values are per year. The cost multiplier is applied to the bulk energy costs only. PV capacities are listed in order of
nodes [9, 22, 31, 34, 17]. Battery capacities are listed in order of nodes [2, 7, 24].

cost of 10 $/MW when compared to the other cost values,
which are cpvp = 1 /MW, ¢; = 1 $/MW, d; = 1 MW, and
d> = 2 MW. In this case it is not in the LL’s interest to
buy DER and so ypgr = 0 and the LL purchases all of its
power d; = 1 from the grid. Also, the UL purchases all power
from the bulk system at cpyp = 1 to meet the total demand
dy 4+ dy = 3MW. Therefore, the UL’s costis $3 and the LL’s cost
is $1.

Now, let us assume that the DER system cost is equivalent
to the other cost values at 1 $/MW. The LL can now meet its
demand for equivalent costs from either the grid or from a DER
system. However, it is in the UL’s best interest for demand to
be met by the LL’s DER system because the UL can lower its
total cost from $3 to $2 by paying the LL $2 for exporting
excess DER power in to the grid to meet demand ds instead
of meeting the total demand d; + do from the bulk system.
Therefore, the UL chooses z; = 1 $/MW, which incentivizes the
LL to purchase ypgr = 3 MW. The LL meets its demand d; = 1
MW behind-the-meter and exports 2 MW, which meets demand
dy = 2MW (and g = 0 MW). The LL’s cost is $1 (the same as
in the high DER cost scenario), but the UL reduces its cost from
$3 to $2.

In summary, in this simple demonstration, only when the
marginal cost of power from DER for the LL is less than
(or equal to) retail rate will the LL purchase DER, which
allows the UL to purchase excess power. When the LL can
export excess power, and the UL can lower its total cost by
purchasing DER exports, the UL will set the LL’s marginal
cost of power by choosing the minimum compensation rate
to incentivize the LL to export the optimal amount of power
that minimizes the total system cost of power. Note that in
practice the decision variables are indexed on time; and, with
solar PV as a DER option, there can be times when the LL has
a zero marginal cost of power. Therefore, determining the DER
solutions in practice are not as simple as comparing the cost
coefficients.

B. Complex Example with Separable Lower Level Problem

In this planning example we have a distribution system plan-
ner in the upper level that is considering purchasing battery
energy storage systems for installation at three different nodes
in a distribution system in order to reduce its operating cost
in a real-time energy market. The planner also accounts for
purchasing exported PV power from customers and sending a

time-of-use price signal to refrigerated warehouses with price-
responsive cooling systems. The upper level model is shown in
(28). Tables IIT and IV summarize the variables, parameters and
sets in (28). The objective (28a) includes three components to
minimize: (1) the cost of energy purchased on the bulk market
at the feeder head; (2) the cost of energy purchased from dis-
tributed, customer-owned photovoltaic (PV) systems; and (3) the
capital costs of battery systems. We assume an analysis period
of 20 years and a discount rate of 5%. For the bulk market price
cmp,: We use the average hourly real-time market prices from
ERCOT over the year of 2019 [15]. A year of load is simulated
at an hourly resolution by randomly assigning different U.S.
Department of Energy Commercial Reference Building profiles
to the load nodes [16]. The load nodes are defined in [17], from
which we take the 38 node network model. Constraints (28c)
— (28g) define a linear power flow model, commonly known as
“LinDistFlow” [18]. Constraint (28h) limits the squared voltage
magnitude. Constraints (281) and (28j) define the net power in-
jection from system operator owned battery systems. Constraints
(28k) and (281) define the net power injection from customer
nodes with PV systems. Constraints (28m) and (28n) define the
net power injection from nodes with price-responsive refrig-
erated warehouses. Constraints (280) and (28p) define the net
power injection from nodes with uncontrollable load. Constraint
(28q) is structural and prevents simultaneous export and import
rom nodes with PV systems. Constraints (28r) — (28v) define
the operational limits of the system operator’s battery systems.
Finally, constraint (28w) says that the lower level decisions y
must be optimal for the lower level problem (29) shown at the
top of next page.

Problem (29) shows the lower level problem, with the objec-
tive to minimize the total cost of energy for all customers in the
distribution system. Tables III and IV summarize the variables,
parameters and sets in (29). The first half of the lower level
objective (29a) represents the cost of energy for price responsive
refrigerated warehouses that have a known retail rate c; .,
and a time-varying price signal from the upper level problem
T n,t- The second half of (29a) represents the cost of energy
for customers that can install PV systems. These customers also
pay the retail rate ¢; ,, ; for imported power but can also recieve
compensation for exported, excess PV power from the upper
level via x, , ;. Constraints (29b) and (29c) are the load balance
constraints for the PV and warehouse customers respectively.
Constraint (29d) limits the PV power used to meet load to the
PV capacity times a known, normalized solar PV production
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y” (:E) = arg miny prZ Z (yi,n,t [Ci,n,t =+ mi,n,t]) + prZ Z (Ci,tyi,n,t - xe,n,tye,n,t)

teT neNw

+ Z CPVYPV,n

nGva

s.L. Yin,t + Ypvprod,n,t = dn,t + Ye,n,ts ()‘n,t)

Yin,t = dn.t + Yuvac,n,:/COP

Ypvprod,n,t < YPV,nfov,n,i

T
YTt = YTont—1 + for (AyT,n,t—1 + B [Ynvac,n,t» Wn,t] )

Yt,n,0 = Tn,t:O

Thi > yrn,t > Tio

yYen,t > 07yi,n,t >0,

teT TLGNPV

(29a)

Vn € Npy,Vt € T (29b)
vn € Nw,Vt €T (29¢)
Vn € va,Vt e T (29d)

Vn € Npy,Vt € T (29)

Vn € Npy (29f)
Vn € Npy, Vt € T (29g)
Vn € Npy,Vt € T (29h)

factor from [19]. Constraints (29e) - (29g) define the refrigerated
warehouse temperature dynamics, starting condition, and tem-
perature limits. We assume that the warehouses are have freezing
units that can at most reach zero °C but can be cooled to as low as
—20 °C in order to lower their energy costs by coasting through
high price periods. We assume that the distribution system is
in Austin, Texas, which defines the PV production factor and
the ambient temperature used as an input to the refrigerated
warehouse models.

By inspection the lower level model (29) is separable between
the set of PV nodes Npy and the warehouse nodes Ay . Because
we wish to linearize the bilinear product A, ;e n.¢ in (28a),
which is only defined for the PV nodes, we only need to check
the linearization conditions for the components of the lower level
model (29) that are relevant to the PV nodes. A Julia module to
programatically check the linearization conditons, including for
separable problems like this example, is available in [20].*

The upper level is allowed to install battery systems at up
to three nodes (2, 7, and 24) in the network while the lower
level can install PV systems on up to five nodes (9, 17, 22, 31,
and 34). Using the baseline values the optimal solution is for
the lower level customers to install small PV systems to reduce
their utility bills and it is not economical for the upper level to
install storage systems. To produce more interesting results we
increase the bulk energy costs by integer values from the baseline
1x to 5x. Table II summarizes the results with increasing bulk
energy costs. In table II we can see some expected trends: as
the bulk energy costs increase less energy is purchased on the
bulk market and more PV energy is purchased from customers,
which encourages larger PV systems. However, there are not
clear trends in the battery sizes nor energy throughput. The lack
of trends in the battery results is not surprising: batteries can
serve many purposes including energy arbitrage, peak shaving,
and grid services. In fact, in the 5x bulk cost scenario so much
PV energy is exported that it is necessary to use the storage
systems to keep the voltage within limits.

4The module in [20] will be merged into [9] for ease-of-use. When debug
logging is enabled the module will report which conditions did not pass.

For more information regarding model results readers are
encouraged to see the code available online [21]. The examples
in this section are meant is demonstrative use-cases and only rep-
resent a fraction of the types of questions that might be answered
using the linearization technique for power system planning.
Furthermore, the price signal from the upper level to the lower
level can also be used in transactive control context by removing
capacity decisions, shortening the time horizon, increasing the
time resolution, and using forecasts for the uncontrolled demand
and PV production.

C. Solution Time Impact

Using the example from Section (IV-B) we compare solution
times with and without the upper level bilinear terms Ay
replaced with the linearization. In both cases the model is
reformulated as a single level problem. Both the mixed integer-
linear and the mixed integer-bilinear problems were solved using
Gurobi 9.1 on 16-core 3.4 GHz Linux PC with 32 GB of RAM
using “big M” constraints for the complementary constraints.
The mixed integer-bilinear problem is (28) combined with the
KKT conditions for (29). The mixed integer-linear problem is
not shown due to space constraints, but is available in the public
repository [21].

Both the linearized and bilinear problems have 350,405 bi-
nary variables and 2,417,777 continuous variables. The bilinear
problem also has 43,800 bilinear objective terms. After 25
seconds in the presolve the linearized problem has 103,588
binary variables and 519,031 continuous variables. The linear
problem solves in 128 seconds with a gap of 0.01%. After 21
seconds in the presolve the bilinear problem has 83,143 binary
variables, 540,209 continuous variables, and 21,180 bilinear
constraints. The bilinear model takes 8,447 seconds to get to a
57% gap, which is not improved until the operating system kills
the problem at 16,032 seconds due to running out of memory. In
short, the linearization method makes the otherwise intractable
bilinear bilevel problem from Section (IV-B) solve in a few
minutes. Similar results are expected for other large planning
problems like the example in Section (IV-B).
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PARAMETERS, AND DECISION VARIABLES FOR PROBLEMS (28) AND (29)

TABLE III

Decision Variables

Pot, Qo real, reactive power imported at feeder head, node
0 in time step ¢

Pj,Qjt real, reactive power injected at node j in time step

Pijt, Q,,]ﬁt real, reactive power flow on line ¢j in time step ¢

wi ¢ voltage magnitude squared at node j in time step ¢

Ti gt retail price adder to refrigerated warehouse at node
7 in time step ¢

Tpt i battery charge rate at node j in time step ¢

Tg— ¢ battery discharge rate at node j in time step ¢

TBKW, j battery inverter power rating at node j

TBKWh, j battery storage capacity at node j

Zsoc, j,t battery state of charge at node j in time step ¢

Yin,t imported power at node n in time step ¢

Ye,n,t exported power at node n in time step ¢

YHVAC,n, ¢ HVAC thermal power at node n in time step ¢

YT,n,t interior temperature at node m in time step t

YHVAC,n,t thermal power of HVAC system at node n in time
step t

YPV,n PV capacity at node n

Ypvprod,n, ¢ PV production used at node n in time step ¢

Parameters

CLMP, ¢ Locational Marginal Price paid by upper level in
time step ¢ [ref. [15]]

Cimn,t retail price of energy [$0.25/kWh]

CBKW cost of battery inverter [$700/kW]

CBKWh cost of battery capacity [$350/kWh]

cpy cost of PV capacity [$1,400/kWh]

forit power factor at node j in time step ¢ [0.1]

Tij, Tij resistance, reactance of line 7j [ref. [17]]

fevon,t PV production factor at node n in time step ¢ [ref.
[19]]

Thr fraction of hour in each time step (for example,
frr = 0.25 for 15 minute time steps) [1.0]

dn,t uncontrolled demand at node 7 in time step ¢ [ref.
[16]]

COP HVAC system coefficient of performance [4.55]

n battery charge and discharge efficiency [0.95]

Thi, Tio upper, lower temperature limit [0, -20]

Tn,t=0 initial interior temperature at node n in time step ¢
[-1]

A HVAC system state matrix [[E—é] where R =
0.00025 K/KW and C' = 10° kJ/K]

B HVAC system input matrix [[% é]]

Un,t HVAC system exogenous inputs at node n in time
step t (outdoor temperature) [ref. [19]]

N integer number of time steps [8,760]

pwf present worth factor assumming an annual cash

min

max
vV v
Jo0d

flow year over year for the analysis period of 20
years and a discount rate of 5% [12.46]

maximum, minimum voltage limit at node j

Scalar parameter values are shown in square brackets and some vector

parameters include source references.

TABLE IV

SETS AND INDICES FOR PROBLEMS (28) AND (29)

Z =z

+
vaCN
NUCN
NWcN
N

set of integer time steps, 1,..., N¢
set of integer nodes in the network, {0,1,..., N}
set of positive integer nodes, {1,..., N}

set of integer nodes that can buy PV in lower level

set of integer uncontrolled nodes
set of integer refrigerated warehouse nodes

set of integer nodes that have battery decisions
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V. CONCLUSION

This work presents a method for linearizing bilinear products
of lower level primal and dual variables in the upper level
of bilevel optimization problems, and the conditions required
for the linearization to be exact. The linearization method is
especially relevant for modeling large scale energy distribution
systems with many stakeholders and is therefore applicable to
a growing number of problems as energy markets expand and
adapt to new regulations such as FERC Order 2222 [22] and
the increasing adoption of distributed energy resources [23]. By
publishing this method we hope that more use cases will be
discovered for the linearization technique.

For future work we intend to leverage the method in an open
source mathematical programming package [9], [?]. for study-
ing compensation mechanisms of distributed energy resources
serving as power system upgrade deferrals (c.f. [17]). Another
future research direction involves using the optimal price signals
from one level to the other as a transactive control mechanism.
We will also explore more accurate and complex power flow
approximations such as the second-order cone approximation
for the Branch Flow Model.

APPENDIX A
EXAMPLES TO DEMONSTRATE THE ALGORITHMS

Example 1: The simplest case for linearizing a certain Ay,
term occurs when the y,, in the upper level objective bilinear
term is in only one lower level constraint. In this case, step 1 of
Algorithm 1 returns and (10) provides the linearization of A ;y,,.
Note that (10) is a particular instance of (9). In this example we
present the next simplest case, which is when y,, is in more than
one constraint but the other y variables in constraint j are in no
other lower level constraints.

In Step 2 of Algorithm 1 the indices of (Dy) in the set
{k € N\ {n}:Vj, # 0} are added to the set of column indices
to check using the recursive Algorithm 2. And the set J; is
initialized with {7 }. Algorithm 2 then checks for non-zero values
of V' above and below each Vj;, entry for each of the column
indices. If no non-zero values are found then Algorithm 2 returns
the same sets that were passed to it, meaning that no more
equation indices are needed to linearize the A ;y,, term.

Take one particular k' in N\ {n} for example. The special
case that Vi = 0Vi € J \ {j} is illustrated as follows:

k'-th col.

V = j-th row (30)

When vy, is only in constraint j then (Dyy) is:
)‘jij’yk’ =cryYr + Uy — KoY + yr Z Bk T
meM
(€29)
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Equation (31) can then be substituted into (), shown in (11),
to eliminate the bilinear term of A; and y; in the sum over
k € N\ {n}. A similar result follows for eliminating all of the
Ay, terms on the right hand side of (11). |

Example 2: Continuing from our previous example, now let
us assume that the k'-th column of V' has one other non-zero
entry. Now, additional combinations of the (P;) and (D},) equa-
tions are necessary to eliminate the A ;1 term in (11). This is
where step three of Algorithm 1, which relies on Algorithm 2,
comes in.

For this example let V1 # Oforaparticularé’in 7 \ {j},and
letViy = 0Vi € J\ {4,7'}. Also, let the 7’-th row of V contain
one other non-zero value Vjy, and let Vi =0 Vi € J\ {i'}.
This case is illustrated in (32).

/-th col. k’-th col.

0 O
__ j-throw © 0
V= i'-th row < Vin 0 Vg ... (32)
0... 0 VieVir 0 ... 0
0 O
L 0 0 -

Algorithm 2 is passed row j and column £’ from step 3
of Algorithm 1. Algorithm 2 first finds all the row indices of
non-zero values of V' in column %’ (except Vj;/) and checks
that those rows have not already been added to the set of rows.
(Recall that redundant rows or columns found by the Algorithms
indicate an underdetermined system of equations). The set of
rows in Algorithm 2 now contains i’ since Vyx # 0. Finally,
Algorithm 2 loops over each row found to check for non-zero
values of V. If any values are found they are added to the
columns set to search in another call to Algorithm 2 (hence
the name “recursive_array_search”). In this case column / is
appended to the empty set of columns and so Algorithm 2 calls
itself once withr = i, ¢ = £, rows = {i'}, cols = {{}, which
finds no more non-zero entries in V. Thus Algorithm 2 returns
rows = {i'}, cols = {£} to Algorithm 1, which appends the
returned sets to 7; and N,,, making the final sets J; = {j, 7'}
and N,, = {k, (},

Now (Dy) gives:

)\'j‘/}k/yk/ + )"i’ ‘/;/k/yk/ = Cr'Yk! + ﬁk}’yk}’ - Hk/gk/

+ Yk! Z Bmk’xm'
meM

(33)

Since the #’-th row of V' contains only one other non-zero
value Vjp, and the other values in column ¢ of V are zero as
illustrated in (32), then adding equations (P;) and (D,) allows
one to linearize the Ay Vypyp term in (33) in a similar fashion
to the previous example. ]

ACKNOWLEDGMENTS

The views expressed in the article do not necessarily represent
the views of the DOE or the U.S. Government. The U.S. Gov-
ernment retains and the publisher, by accepting the article for
publication, acknowledges that the U.S. Government retains a
nonexclusive, paid-up, irrevocable, worldwide license to publish
or reproduce the published form of this work, or allow others to
do so, for U.S. Government purposes.

REFERENCES

[1] R. Raineri, “Chile: Where it all started” in Electricity Market Reform:
An International Perspective. Amsterdam, Netherlands: Elsevier Science,
2006, pp. 77-108.

[2] C. Ruiz and A. J. Congjo, “Pool strategy of a producer with endogenous
formation of locational marginal prices,” IEEE Trans. Power Syst., vol. 24,
no. 4, pp. 1855-1866, Nov. 2009.

[3] R. Ferndndez-Blanco, J. M. Arroyo, and N. Alguacil, “On the solution

of revenue-and network-constrained day-ahead market clearing under

marginal pricing-part i: An exact bilevel programming approach,” IEEE

Trans. Power Syst., vol. 32, no. 1, pp. 208-219, Jan. 2017.

A. Naebi, S. SeyedShenava, J. Contreras, C. Ruiz, and A. Akbarimajd,

“EPEC approach for finding optimal day-ahead bidding strategy equilibria

of multi-microgrids in active distribution networks,” Int. J. Elect. Power

Energy Syst., vol. 117, 2020, Art. no. 105702.

[5] X. Xu, J. Li, Y. Xu, Z. Xu, and C. S. Lai, “A two-stage game-theoretic
method for residential PV panels planning considering energy sharing
mechanism,” IEEE Trans. Power Syst., vol. 35, no. 5, pp. 3562-3573,
Sep. 2020.

[6] B. Cornélusse, 1. Savelli, S. Paoletti, A. Giannitrapani, and A. Vicino, “A
community microgrid architecture with an internal local market,” Appl.
Energy, vol. 242, pp. 547-560, 2019.

[7]1 S. Wogrin, S. Pineda, and D. A. Tejada-Arango, “Applications of bilevel

optimization in energy and electricity markets,” in Bilevel Optimization.

Berlin, Germany: Springer, 2020, pp. 139-168.

D. Bertsimas and J. N. Tsitsiklis, Introduction to Linear Optimization.

vol. 6. Belmont, MA, USA: Athena Scientific, 1997.

Bileveljump: A bilevel optimization extension of the jump package. [On-

line]. Available: https://github.com/joaquimg/BilevelJuMP,jl

I. Dunning, J. Huchette, and M. Lubin, “JuMP: A modeling language for

mathematical optimization,” Soc. Ind. Appl. Math. Rev., vol. 59, no. 2,

pp. 295-320, 2017.

F. Glover, “Improved linear integer programming formulations of nonlin-

ear integer problems,” Manage. Sci., vol. 22, no. 4, pp. 455-460, 1975.

T. Kleinert, M. Labbé, F. A. Plein, and M. Schmidt, “There’s no free lunch:

On the hardness of choosing a correct big-M in bilevel optimization,”

Operations Res., vol. 68, no. 6, pp. 1716-1721, 2020.

J. Fortuny-Amat and B. McCarl, ““A representation and economic interpre-

tation of a two-level programming problem,” J. Oper. Res. Soc., vol. 32,

no. 9, pp. 783-792, 1981.

S. Pineda and J. M. Morales, “Solving linear bilevel problems using big-

Ms: Not all that glitters is gold,” IEEE Trans. Power Syst., vol. 34, no. 3,

pp. 2469-2471, May. 2019.

Ercot real-time market information. [Online]. Available: https://www.

ercot.com/mktinfo/rtm

Deru et al., “U.S. department of energy commercial reference building

models of the national building stock,” National Renewable Energy Lab-

oratory, Tech. Rep. TP-5500-46861, 2011.

P. Andrianesis, M. Caramanis, R. D. Masiello, R. D. Tabors, and S.

Bahramirad, “Locational marginal value of distributed energy resources

as non-wires alternatives,” IEEE Trans. Smart Grid, vol. 11, no. 1,

pp. 270-280, Jun. 2019.

M. E. Baran and E. E. Wu, “Optimal capacitor placement on radial dis-

tribution systems,” IEEE Trans. Power Del., vol. 4, no. 1, pp. 725-734,

Jan. 1989.

National Renewable Energy Laboratory, “PVwatts calculator,” 2020. [On-

line]. Available: https://developer.nrel.gov/docs/solar/pvwatts/

Github repository that extends bileveljump.jl to automatically linearize

the bilinear products in this paper. [Online]. Available: https://github.com/

NLaws/BilevelJuMP.jl/tree/bilinear

Github repository with code for the examples shown in the paper. [Online].

Available: github.com/nlaws/coder_examples

[4

[l

[8

—

[9

—

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]


https://github.com/joaquimg/BilevelJuMP.jl
https://www.ercot.com/mktinfo/rtm
https://www.ercot.com/mktinfo/rtm
https://developer.nrel.gov/docs/solar/pvwatts/
https://github.com/NLaws/BilevelJuMP.jl/tree/bilinear
https://github.com/NLaws/BilevelJuMP.jl/tree/bilinear

680

[22]

[23]

FERC News Order 2222. Sep. 2020. [Online]. Available: https:
/Iwww.ferc.gov/news-events/news/ferc-opens-wholesale-markets-
distributed-resources-landmark-action-breaks-down

G. Brinkman et al., “The North American renewable integration study:
A canadian perspective,” Golden, CO, USA: National Renewable Energy
Laboratory. Tech. Rep. NREL/TP-6A20-79225,2021. [Online]. Available:
https://www.nrel.gov/docs/fy21osti/79225.pdf

IEEE TRANSACTIONS ON POWER SYSTEMS, VOL. 38, NO. 1, JANUARY 2023

Grani A. Hanasusanto received the M.Sc. degree in
financial engineering from the National University of
Singapore, Singapore, and the Ph.D. degree in oper-
ations research from Imperial College London, Lon-
don, U.K. He was a Postdoctoral Researcher with the
College of Management of Technology, Ecole Poly-
technique Fédérale de Lausanne, Lausanne, Switzer-
land. He is currently an Assistant Professor of oper-
ations research and industrial engineering with The
University of Texas at Austin, Austin, TX, USA. His
research interests include the design and analysis of

Nicholas D. Laws (Student Member, IEEE) re-
ceived the B.Sc. degree in aerospace engineering
from Boston University, Boston, MA, USA, and the
M.Sc. degree from the Thayer School of Engineering,
Dartmouth College, Hanover, NH, USA. He is cur-
rently working toward the Ph.D. degree with Webber
Energy Group, The University of Texas at Austin,
Austin, TX, USA. Heis also a Research Engineer with
National Renewable Energy Laboratory. His research
focuses on the integration of clean distributed energy
resources in ways that benefit all stakeholders.

tractable solution schemes for decision-making problems under uncertainty,
with applications in operations management, energy systems, finance, machine
learning, and data analytics. He was the recipient of the 2018 NSF CAREER
Award.


https://www.ferc.gov/news-events/news/ferc-opens-wholesale-markets-distributed-resources-landmark-action-breaks-down
https://www.ferc.gov/news-events/news/ferc-opens-wholesale-markets-distributed-resources-landmark-action-breaks-down
https://www.ferc.gov/news-events/news/ferc-opens-wholesale-markets-distributed-resources-landmark-action-breaks-down
https://www.nrel.gov/docs/fy21osti/79225.pdf


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


