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Strategic Spatial Load Shifting and Market Efficiency

Aron Brenner*, Deepjyoti Dekal, Line Roald?, Saurabh Amin*

Abstract—Large, spatially flexible electricity consumers such
as data centers can reallocate demand across locations, influenc-
ing dispatch and prices in wholesale electricity markets. While
flexible load is often assumed to improve system efficiency, this
intuition typically relies on price-taking behavior. We study
price-anticipatory spatial load shifting by modeling a large
flexible consumer as a Stackelberg leader interacting with DC
optimal power flow (DC-OPF) based market clearing. We show
that decentralized, cost-minimizing load shifting need not align
with system operating cost minimization, and that misalignment
arises at boundaries between DC-OPF operating regimes, where
small changes in load can induce discrete changes in marginal
generators or congestion patterns. We evaluate strategic load
shifting on the 73-bus RTS-GMLC test system, where findings
indicate reductions in system operating cost in most hours, but
misalignment in a subset of cases that are driven by redispatch
at merit-order discontinuities. We find that these outcomes are
primarily redistributive relative to a price-taking benchmark,
reducing generator profits while lowering electricity procurement
costs for both flexible and inflexible consumers, even in cases
where total system operating costs increase.

Index Terms—Flexible demand, Data centers, Electricity mar-
kets, Locational marginal pricing, Transmission planning, Bilevel
optimization

I. INTRODUCTION

After two decades of relatively flat demand, electricity
consumption in the United States is rising again, driven in
large part by the rapid expansion of energy-intensive data
centers [1]. Data centers accounted for roughly 4.4% of total
U.S. electricity consumption in 2023, a share projected to
increase to up to 12% by 2028 [2]. Beyond their scale, a
defining feature of large data centers is operational flexibility:
computational workloads can be shifted across locations and
time, allowing operators to reallocate electricity demand in
response to prices, emissions, or other system signals. Such
flexibility is already being actively exploited by hyperscale
operators to reduce procurement costs and carbon footprints
[31-L71.

A common intuition is that flexible demand improves sys-
tem efficiency by shifting consumption toward locations or
hours with abundant low-cost, low-carbon supply—effectively
acting as “virtual transmission” that relieves congestion and
increases renewable utilization [5], [8]. Accordingly, many
studies argue that demand flexibility can play a central role
in the grid interconnection of large flexible loads, reducing
the need for additional investment in generation and trans-
mission capacity [9], [10]. However, recent work highlights
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that the system-level consequences of decentralized flexibility
are highly context dependent: long-run planning studies find
possible cost reductions but ambiguous emissions impacts
driven by investment responses [11], while short-run studies
show that emissions-guided shifting based on imperfect signals
can increase total system emissions [12].

While previous literature raises potential inefficiencies aris-
ing from imperfect emissions signals or long-run invest-
ment effects, our focus is different: we isolate the role of
strategic behavior, treating large flexible consumers as price-
anticipatory participants in market clearing whose actions can
alter marginal generators and congestion patterns, rather than
as price-takers. In particular, we ask when such decentralized,
strategic behavior reduces total system operating cost, and
when it does not.

This work aims primarily to address the following question:

Through what mechanisms does decentralized, strategic
spatial load shifting align with or conflict with the
system-level cost objective?

Our contributions are as follows.

1. Analytical characterization of misalignment. We derive
a necessary condition under which price-anticipatory spatial
load shifting leads to misalignment between private procure-
ment incentives and system operating cost minimization. We
show that misalignment cannot arise within a single DC-OPF
operating regime (Proposition 1) and occurs only when an
optimal load shift positions the system at the boundary be-
tween active-set regions where marginal generators or binding
transmission constraints change (Proposition 2).

2. Mechanism-based illustrative example. We develop
a three-zone network example that makes operating regime
transitions and price discontinuities explicit, illustrating how
strategic load shifting can reduce consumer procurement costs
while increasing total system operating cost through discrete
redispatch effects.

3. Computational evaluation on benchmark test system.
We evaluate price-anticipatory spatial load shifting on the 73-
bus RTS-GMLC test system, showing that decentralized load
shifting is aligned with system objectives in most hours, but
increases system operating costs in a subset of cases driven
by redispatch at merit-order discontinuities.

II. PROBLEM FORMULATION

We model the interaction between a single, spatially flexible
consumer and the electricity market as a Stackelberg game
in which the flexible consumer acts as the leader and the
market operator as the follower. The consumer is assumed
to have perfect information about the market clearing process
and chooses load shifts anticipating their impact on dispatch
and prices, subject to physical flexibility constraints. Following



the consumer’s decision, the operator clears the market by
solving a deterministic DC optimal power flow (DC-OPF)
problem, yielding dispatch outcomes, system operating costs,
and locational marginal prices (LMPs).

The flexible consumer represents a large load (such as a
hyperscaler) whose spatial reallocation can affect congestion
patterns and marginal generators, and is therefore modeled
as price-anticipatory rather than price-taking. By contrast, the
operator is assumed to be non-strategic and applies fixed mar-
ket clearing rules without responding to consumer incentives
on the short time scales considered here. Our model extends
prior work on two-zone systems [13] to general network
topologies with multiple congestion patterns. This bilevel
formulation also shares the price-anticipatory structure of [14];
however, our modeling of spatial flexibility makes the two
fundamentally different. There, a consumer exercises market
power by bidding below its marginal utility and withholding
consumption to depress prices, whereas in our formulation,
total demand is fixed by a load-shifting balance constraint, so
market power is exercised purely through spatial reallocation.

A. Lower Level: DC-OPF

The lower-level problem models wholesale market clear-
ing via a DC-OPF problem. The transmission network con-
sists of buses N = {1,...,n} and transmission lines
L = {1,...,m}, with oriented node-edge incidence ma-
trix A € R™*" and diagonal susceptance matrix B =
diag(by, . .., by). Line flow limits are given by F € R™, and
the reference (slack) bus is denoted by index s € V.

Generation is represented by a fleet of k generators with
marginal costs ¢ € R¥ and capacity limits p € Ri. The
matrix G € R™** maps generators to buses, where G;; = 1 if
generator j injects at bus ¢. System load is given by a nominal
demand vector d € R”}, decomposed into inflexible base load
dpase and nominal flexible load dge,. For a load shift § € R"”,
market clearing is obtained by solving a DC-OPF with realized
load d + ¢:

V(8) = Zr)n@n} c'p (la)
st. f=BAO (n)  (1b)
ATf+d+06=0Gp (N (le)
—~F<f<F (Wru7)  ad)

0<p<p (7, 77) (le)

el6=0 (v) (1)

where p € R¥ denotes offer segment dispatch values, § € R”
the bus voltage angles, and f € R™ the transmission line
flows. The optimal value V'(§) represents total system oper-
ating cost. Constraint (1b) enforces DC power flow physics,
constraint (lc) enforces energy balance at the bus level,
constraints (1d) and (le) impose transmission and generation
capacity limits, and constraint (1f) fixes the reference bus
angle. Since (la) is a linear program, the value function V()
is convex and piecewise affine in J, and the corresponding
LMP mapping is piecewise constant.

Dual variables corresponding to each constraint are shown
in parentheses. In particular, A € R™ denotes the vector
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of LMPs, equal to the shadow prices of the nodal power
balance constraints (1c) and representing the marginal cost of
serving an additional unit of load at each bus'. Remaining
dual variables capture shadow prices of DC flow physics,
transmission, generation limits, and the reference bus.

B. Upper Level: Spatially Flexible Load

Load shifting constraints. Recall that we model a spatially
flexible consumer through an additive load shift § applied to
a nominal flexible demand profile dpex. For a given flexibility
level o € [0,1], admissible load shifts are restricted to a
polyhedral feasible set

Fla) = {5 eER™:T(a)d < qa), 176 = 0}, (2)

where the balance constraint 176 = 0 ensures that load
shifting preserves the flexible consumer’s total energy demand.
We assume throughout that g(a)) > 0, so that the no-shift
action 9 = 0 is feasible. While our theoretical results apply
to general polyhedral sets of the form (2), we highlight as
a concrete and interpretable special case the following “box-
with-balance” model:

Foox(a) = {5 €R": 6] < adfex, 176 = o}, 3)

which assumes that the load at a bus can increase or decrease
by a fraction « of its nominal flexible load.

Bilevel load shifting problem. Let A\(4) denote the LMP
vector corresponding to the market clearing solution as a
function of the load shift §. The flexible consumer procurement
cost is then defined as

I1(6) == A(6) " (daex + 0), )

and the corresponding flexible consumer cost minimizing
problem is

min  A(5) " (dex + 9) (5a)
s.t.  A(J) = Dual(DC-OPF(d)) (5b)
0 € Fla). (5¢)

Here, constraint (5b) relates the LMPs A(0) to the shadow
prices of the solution of the DC-OPF problem instantiated
with a load shift of § while constraint (5¢) defines the feasible
region for load shifts 9.

Importantly, Problem (5) is a bilevel program, reflecting
the leader—follower structure between the flexible consumer
and the market operator: the consumer chooses a load shift §
anticipating the endogenous price response induced by DC-
OPF market clearing. To solve Problem (5) in practice, we
replace the lower-level DC-OPF with its optimality conditions,
yielding a single-level bilinear reformulation that preserves

At operating points where the DC-OPF is degenerate, the LMP vector
is not unique. We interpret A(J) as a dual optimal solution minimizing the
flexible consumer’s procurement cost among all admissible LMP vectors, i.e.,

A(d) € argmin AT (dﬂex + 5),
AEA(S)

where A(J) denotes the set of dual optimal solutions at load d + §. This
selection is without loss of generality and can be obtained as the limit of
arbitrarily small perturbations that restore dual uniqueness.



price endogeneity and can be solved using spatial branch-and-
bound methods (see Appendix C for details).

Crucially, the bilevel structure of (5) exposes a fundamen-
tal tension between private and system objectives. Because
the LMP mapping A(d0) is piecewise constant, the flexible
consumer’s objective in (5a) is inherently discontinuous and
differs qualitatively from the system operator’s objective (1a).
As a result, a load shift that minimizes the flexible consumer’s
electricity procurement cost need not reduce total system
operating cost. We formalize this divergence through the
notion of misalignment.

Definition II.1 (Misalignment). We say that misalignment
occurs when the flexible consumer’s cost-minimizing load
shift increases total system operating cost relative to the no-
shift baseline, i.e.

V(5*) > V(0), 0™ € arg min II(9). (6)

0EF ()

Misalignment captures the possibility that decentralized,
price-anticipatory load shifting—while individually optimal
for flexible consumers—induces higher cost generation at the
system level relative to the no-shift baseline (rather than
relative to the system-optimal shift). In such cases, flexible
demand exploits its influence on prices rather than alleviating
system constraints, leading to a loss of system operating
efficiency. The remainder of this work characterizes when
this divergence can and cannot arise, linking misalignment to
operating regime transitions in the underlying DC-OPF.

III. THEORETICAL MISALIGNMENT RESULTS

In this section, we characterize when decentralized, price-
anticipatory load shifting reduces system operating cost and
when it does not. Our analysis exploits the piecewise-linear
structure of the DC-OPF, under which dispatch outcomes
and LMPs depend on the set of binding transmission and
generation constraints.

We analyze these outcomes through the lens of operating
regimes: regions of the load-shift space over which the DC-
OPF active set remains fixed. Within a regime, dispatch and
prices vary affinely with load, and the mapping from load
shifts to system costs and consumer payments is well behaved.
Misalignment can therefore arise only when load shifting
induces transitions between operating regimes, triggering dis-
crete changes in marginal generators or congestion patterns.

To formalize this structure, we define active constraint sets
and the corresponding regions of load shifts for which these
sets remain unchanged.

Definition ITI.1 (Active-set regions). An active set is a tuple
A = (LT, L7,G%,G™) specifying binding transmission and
generation limits. For a load shift §, we say an optimal DC-
OPF solution (p, 0, f) at load d + 0 realizes A if

fZ:FZ7V€€£+7 fZ:_F57 vgec—a
pg = Pg. Vg € G7, pg=0,VYg€G".
The active-set region associated with A is then defined as

R(A) := {6 € F() | 3 an optimal (p, 0, f) realizing A}.

Distinct active sets correspond to different operating
regimes—defined by congestion patterns and generators at
bounds—and the associated regions R(.A) are polyhedral, as
they are characterized by linear feasibility and optimality con-
ditions under a fixed binding pattern. In fact, related active-set
representations of DC-OPF have already been used to predict
dispatch and price outcomes [15], [16] and to analyze strategic
generation investment [17], highlighting their usefulness as a
structural lens for market analysis.

A. Alignment Under Limited Flexibility

As long as marginal generators and congestion patterns—
i.e., the set of binding constraints in (1)—remain unchanged,
LMPs are locally invariant. In this case, reductions in flex-
ible consumer procurement costs translate one-for-one into
reductions in total system operating cost. Within a single
active-set region, the flexible consumer therefore cannot exert
market power over prices, and decentralized load shifting
is necessarily aligned with the system operator objective.
Proposition 1 formalizes this intuition by providing a sufficient
condition for alignment in terms of the feasible flexibility level
« and available generation and transmission headroom.

Proposition 1. Suppose the flexible consumer’s feasible load-
shifting set F(«) is sufficiently small that, for all admissible
load shifts § € F(«), the DC-OPF clears without changing
1) the set of marginal generators, and
2) the set of binding transmission constraints,
relative to the baseline dispatch at § = 0. Equivalently, assume
that

Fla) C R(Ao),

where Ag denotes the active set associated with the base-
line operating point. Then minimizing the flexible consumer’s
electricity procurement cost is equivalent to minimizing total
system operating cost:

argmin V(J) = argminII(9),
deF (o) deF ()

and misalignment (6) cannot occur.

Proposition 1 follows directly from the piecewise-affine
structure of the DC-OPF (see Appendix A for the proof),
but it plays an important conceptual role. It shows that
misalignment cannot arise unless flexible demand is large
and/or flexible enough to alter the system’s operating regime—
specifically, to change the set of binding transmission or
generation constraints. When the feasible set of load shifts
remains confined to R(Ap), the mapping from load to dispatch
and prices is affine, and minimizing consumer procurement
cost is equivalent to minimizing system operating cost.

B. Misalignment Requires Market Power

When the feasible set of load shifts is sufficiently large,
however, a flexible consumer can exert market power by
strategically positioning demand so as to influence which
generators or transmission constraints are marginal in the
market clearing solution. In particular, a consumer might



reallocate load to avoid triggering a high cost generator at one
location, thereby lowering the prices it faces locally. However,
this same reallocation can force the system operator to rely
more heavily on even higher cost resources that are already
marginal elsewhere in the network.

It is this form of strategic gaming—in which load shifting
suppresses one marginal resource while exacerbating reliance
on others—that creates the potential for misalignment between
private procurement costs and total system operating cost.
Proposition 1 showed that such behavior cannot arise unless
load shifting alters the set of binding constraints. We now
make this mechanism precise by characterizing misalignment
in terms of transitions between operating regimes of the DC-
OPF.

Proposition 2 (Misalignment occurs at intersections of ac-
tive-set regions). Suppose there exists an optimal shift ¢’ €
arg minge (o) I1(6) such that V(&') > V(0). Then, there ex-
ists an optimal 0* € arg minge r () I1(6) with V(6*) > V(0)
and two distinct active sets A1 # As such that

5 € R(A) NR(As).

Equivalently, misalignment can only occur if the optimal
solution to (5) positions the system at a boundary between
active sets where the identity of marginal generators and/or
congested transmission lines changes.

Proposition 2 establishes a central economic conclusion of
this paper. Misalignment cannot arise from a load shift that lies
in the interior of a DC-OPF operating regime: although such
shifts may increase total system operating cost, they are never
optimal for the flexible consumer. Rather, misalignment can
occur only when the consumer’s cost-minimizing load shift
places the system at the intersection of multiple active-set
regions. At such regime boundaries, arbitrarily small changes
in net load can switch which generators are marginal or
which transmission constraints bind, inducing instantaneous
and non-smooth changes in LMPs. These price discontinuities
decouple the flexible consumer’s procurement incentives from
total system operating cost, allowing a load shift that lowers
consumer payments while increasing total generation cost.

IV. THREE-ZONE ILLUSTRATIVE EXAMPLE
A. System Description

To illustrate the theoretical results of Section III, we con-
sider a stylized three-zone system designed to make operating
regime transitions and price endogeneity explicit. The network
consists of three zones (A, B, and C) connected by (uniform
susceptance) capacity-limited transmission links, giving rise
to multiple operating regimes. Generation costs differ across
zones, with high cost resources in Zone A, intermediate-cost
resources in Zone B, and low cost generation in Zone C. Load
is distributed asymmetrically across the network, with flexible
demand located in all zones but concentrated in Zone C; full
parameter values are provided in Fig. la. This configuration
creates opposing consumer incentives to either shift load
toward lower cost generation or to strategically alter marginal
generators or congestion patterns, allowing decentralized load
shifting to diverge from system cost minimization.
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B. Impacts of Load Shifting

We evaluate the system operating cost V() and the flexible
consumer procurement cost I1(0) over the range (d4,05) €
[—150, 150]2, with 6c = —(J4 + ) enforcing the box-with-
balance shifting constraints (see Eq. (3)). Figures 1b and Ic
visualize the resulting cost landscapes, while Table I compares
the optimal outcomes under centralized and decentralized
load-shifting objectives (normalized to units of $/MWh) for
varying levels of flexibility a.

TABLE I: Three-Zone Centralized vs. Decentralized Shifting

[e Objective Load Shift § \ % II AV
Baseline — 0, 0, 0) 4720 17.60 0.00
Low Flex. Centralized (-48, -48, 96) 46.05 16.45 1.15
Decentralized  (-48, -48, 96) 46.05 1645 1.15]
High Flex.  Centralized (-96, -96, 192) 4490 1532 230
Decentralized (54, 96, -150) 4883 1525 1.63 71

Notes: Cost values are reported in $/MWh. V' denotes system operating
cost, IT denotes the flexible consumer cost, and AV reports the change
in system operating cost relative to the no-shift baseline (o = 0).

Alignment under limited flexibility (Proposition 1). Un-
der low flexibility (o« = 0.25), the load shift selected by the
flexible consumer coincides with the load shift that minimizes
total system operating cost (Table ), i.e.,

argmin V(§) =
§€F(0.25)

arg min II(9).

5€F(0.25)

This outcome arises because the feasible load-shifting set
is confined to a subset of the baseline active-set region
R(Ap). Within this region, the set of binding transmission and
generation constraints remains unchanged, so dispatch varies
affinely with load and LMPs are constant over F(0.25). Con-
sequently, reductions in the flexible consumer’s procurement
cost translate one-for-one into reductions in system operating
cost, and decentralized load shifting is necessarily aligned with
the system objective.

Misalignment requires market power (Proposition 2).
Under higher flexibility (v = 0.5), the feasible set expands
beyond the baseline active-set region, permitting load shifts
that cross congestion and marginal-generator boundaries. In
this regime, the sufficient condition for alignment in Propo-
sition 1 no longer holds, and misalignment emerges as the
consumer-optimal load shift diverges from the system-optimal
solution.

In particular, the consumer-optimal outcome involves a
strategic reallocation of load toward higher-LMP zones (A
and B) that displaces generator C2 from the marginal set.
This operating regime transition lowers the LMP at Zone C
from $40/MWh to $0/MWh, reducing the flexible consumer’s
procurement cost by $2.35/MWh (13.3%). However, the same
shift forces the system to rely more heavily on higher cost
generation elsewhere, increasing system operating cost by
$1.63/MWh (3.4%). This three-zone example therefore illus-
trates that misalignment arises not from gradual inefficiencies
in redispatch, but from discrete operating regime transitions
induced by strategic load positioning, consistent with the
mechanism characterized in Proposition 2.



0$/MWh, 750 MW

40$/MWh, 600 MW

150

Low Flexibility
L= High Flexibility
1

80$/MWh, 2000 MW 60S/MWh, 2000 MW

8p (MW shift to Zone B)

-150
-150 -100

800 MW base + 200 MW flex

800 MW base + 200 MW flex

(a) System topology and parameters.

150
52.6
19.44
777777 516 100 —_————— ’

—100 R

-50 [ 50
64 (MW shift to Zone A)

(b) System operating cost landscape.

-
Lt
N
®

bom o om
5 5 5
> o @
£ 8 2
Flexible Consumer Cost ($/MWI

6p (MW shift to Zone B)
-
&
2

15.24

14.64

14.04

100 150 =150 -100 100 150

-50 0 50
64 (MW shift to Zone A)

(c) Flexible consumer cost landscape.

Fig. 1: Three-zone illustrative example. Misalignment arises from price discontinuities at active-set region boundaries; compare
the discontinuous flexible consumer objective in Fig. 1c¢ with the continuous, convex system operating cost in Fig. 1b.

V. EVALUATION ON THE RTS-GMLC TEST SYSTEM
A. Experimental Setup

To assess how the theoretical mechanisms identified in
Section III manifest in a realistic, large-scale setting, we
evaluate strategic spatial load shifting on the synthetic 73-
bus IEEE RTS-GMLC test system [18]. This system captures
realistic network congestion and generation heterogeneity, al-
lowing us to study how price-anticipatory load shifting affects
flexible consumer costs and total system operating cost. We
additionally track changes in inflexible consumer costs and
generator profits to characterize surplus redistribution across
market participants.

Our analysis considers hourly market clearing and spatial
load shifting for all 8,784 hours in the RTS-GMLC dataset.
We solve a single-level reformulation of Problem (5) (see
Problem (9) in Appendix C) independently for each hour using
Gurobi 12 [19]. Following [12], we model four large spatially
flexible loads located at buses 103, 107, 204, and 322, each
with nominal demand of 250 MW, together accounting for
approximately 20% of total energy consumption over the study
period. To ensure feasibility in all hours, generator capacities
are uniformly scaled by a factor of 1.25.

We compare two load-shifting formulations: (i) a decen-
tralized, price-anticipatory flexible consumer problem (5), and
(i1) a centralized benchmark in which the flexible consumer
objective is replaced by the system operator objective (la),
corresponding to a central planner solution. We consider two
flexibility levels, « € {0.25,0.5}. For each setting, results are
reported relative to a no-flexibility baseline (6 = 0) in terms
of changes in system operating cost, flexible and inflexible
consumer procurement costs, and generator profits.

B. Cost and Profit Outcomes

Table II reports annualized changes in system operating
costs, consumer procurement costs, and generator profits
across all experimental scenarios; for a visual reference, see
Fig. 3 in Appendix E, which shows the corresponding dis-
tributions of hourly outcomes as a boxplot. Together, these
results reveal how decentralized, price-anticipatory load shift-
ing redistributes surplus from generators to consumers and

when such redistribution aligns (or fails to align) with system
objectives. We highlight key findings below.

Flexible consumer benefits from strategic shifting. Ta-
ble II shows that the flexible consumer achieves substan-
tial procurement cost reductions under decentralized load
shifting—up to $30.6 million (12.6% of baseline costs) over
the one-year period for @ = 0.5. Relative to system-
optimal shifting, price-anticipatory behavior yields an addi-
tional $7.5 million in savings (3.1%), indicating clear incen-
tives for flexible consumers to act strategically rather than to
coordinate with system-wide cost minimization.

Inflexible consumers receive modest spillover benefits.
Although strategic load shifting can, in principle, raise prices
for inflexible consumers by altering marginal generators, this
effect is dominated in our experiments by offsetting benefits.
For a = 0.5, inflexible consumers experience average cost
savings of up to 2.5% of baseline costs under decentralized
shifting, compared to 0.4% under system-optimal shifting, sug-
gesting that shared incentives to displace high cost generation
often outweigh adverse redispatch effects.

Generator profits fall under decentralized shifting but
rise under system-optimal shifting. When the flexible con-
sumer minimizes procurement costs, generator profits decline
modestly (3.9% for a = 0.5), reflecting downward pressure on
LMPs. In contrast, system-optimal shifting increases generator
profits by 1.1%. Ultimately, we find in our experiments that
system-optimal shifting benefits all stakeholder groups to some
degree, while decentralized shifting redistributes surplus from
generators to consumers.

Aggregate system cost impacts are small and similar
across objectives. Despite these distributional effects, ag-
gregate system operating cost savings remain modest under
decentralized load shifting (approximately 0.8% of baseline
costs for & = 0.5), with system-optimal shifting improving
savings by only an additional 0.1%. This indicates that the
primary effects of strategic load shifting are redistributive
rather than strongly inefficient at the system level.

Flexibility enables market power and misalignment.
Increasing flexibility expands the feasible load-shifting set, en-
abling the flexible consumer to influence marginal generators
and congestion patterns. Consistent with Proposition 1, raising
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TABLE II: Cost and Profit Changes under Load Shifting

Flexible Consumer  Inflexible Consumer Generator System Operator
Base Cost: $2429M  Base Cost: $918.8M  Base Profit: $510.4M Base Cost: $548.6M
Objective «@ $M % $M % $M % $M % Misalign %
. 025 282) 116% ) 1774  19%]  149)  29%]  31) 06%] 4.6%
Flexible Consumer 050 30.6] 126% ) 230, 25% | 201]  39% | 42] 08%.] 10.7%
i . 0.25 248 10.2% | 49 | 0.5% | 0.9 1 0.2% 1 341 0.6% | -
System Operating Cost 5y >3y | 950, | 34|  04%] 561  L1%1T 47, 09% | -

Notes: Results aggregated over 8,784 hours (366 days x 24 hours). Monetary values (denoted by $M) are in millions of USD per year. Percent change
from baseline is shown in columns labeled %. Misalign % shows the percentage of hours where flexible consumer optimization leads to increased system
operating costs. Bold values indicate the most favorable outcome for each stakeholder across all settings.

o from 0.25 to 0.5 increases the incidence of misalignment
from 4.6% to 10.7% of all hours, highlighting that misalign-
ment arises through operating regime transitions rather than
small adjustments within a fixed regime.

C. Strategic Regime Shifting

Fig. 2 summarizes how price-anticipatory spatial load shift-
ing alters generator marginal status and dispatch outcomes
along the active portion of the merit order. The left panels
report the net change in the frequency with which each gener-
ator is marginal across all hours, where positive (red) values
indicate that a generator becomes marginal more often and
negative (blue) values indicate that it becomes marginal less
often. The right panels report the corresponding net change in
dispatched energy. Cases in which decentralized load shifting
increases total system operating cost (misalignment) are shown
in Fig. 2a, while cases in which load shifting reduces system
operating cost (alignment) are shown in Fig. 2b.
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Fig. 2: Impacts of decentralized shifting on generator marginal
status and dispatch outcomes over a segment of the merit order.

Proposition 2 states that adverse system-level outcomes
of price-anticipatory load shifting arise through interactions
with discontinuities in the generation merit order, rather than

through smooth redispatch within a fixed operating regime.
Figure 2a illustrates this mechanism. In misaligned instances,
load shifting concentrates near steep “cliffs” in the merit order,
where small changes in net load induce discrete changes in
marginal generators and prices. Strategic reallocation sup-
presses generators near these discontinuities from the marginal
set while increasing reliance on higher cost generators that
are already marginal elsewhere, reducing flexible consumer
procurement costs while increasing total system operating cost.
By contrast, aligned instances (Fig. 2b) are characterized by
redispatch that occurs “downhill” along the merit order, so that
displaced generation is replaced by lower cost resources and
total system operating cost falls.

VI. CONCLUSION

This paper examines the system-level impacts of price-
anticipatory spatial load shifting by large flexible consumers,
modeling the interaction between a flexible consumer and the
system operator as a Stackelberg game. We show theoretically
that market power is necessary for misalignment: consumer
and system objectives are aligned whenever feasible load
shifts stay within a single operating regime, and misalignment
arises only when shifting changes the set of congested lines
or marginal generators. Computational results on the RTS-
GMLC test system support these insights: decentralized shift-
ing delivers aggregate system cost savings comparable to a
centralized benchmark, while misalignment occurs in a subset
of hours driven by operating regime transitions. These effects
are primarily redistributive, shifting surplus across market
participants with relatively small impacts on aggregate system
efficiency.

Future work will extend these results to joint spatial and
temporal flexibility for multi-period shifting, emissions-based
shifting—which requires characterizing how endogenous dis-
patch and prices respond to emissions signals across operating
regimes—and to settings with multiple large flexible con-
sumers, where interaction may induce alignment or compound
misalignment.
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APPENDIX

A. Proof of Proposition 1

Proof. Since F(o) C R(Ap), the LMP vector is constant
throughout F («); denote this constant vector by A. Uniqueness
of the LMP vector is not required here: within R(.Ayp), all dual
optimal solutions associated with the nodal balance constraints
remain constant with respect to d. By the envelope theorem,

the gradient of the system operating cost V' with respect to
the load shift § satisfies

oL
VsV (6) = % = A,

where the last equality follows from the fact that § enters the
DC-OPF only via the balance constraint (1c).

The procurement cost is given by I1(§) = AT (dgex + ),
and hence VII(6) = A. Define h(4) :== V(§) — II(5). Then
Vh(d) = 0 for all § € F(«), implying that h is constant on
F (). Therefore, there exists a constant & such that

V6 € F(a),

V(o) =T1(0) + k Vo € F(a).
Consequently,
arg min V() = arg min II1(9),
deF(a) seF(a)
which establishes the claim. O

B. Proof of Proposition 2

To prove Proposition 2, it is helpful to first observe that,
for misalignment to occur, the optimal load shift must also
be misaligned with respect to the LMPs for the corresponding
active-set region.

Lemma A.1 (Dual subgradient inequality). Let &* satisfy
V(6*) > V(0). Let A be any optimal dual variable associated
with the DC-OPF solution under load shift 5* (equivalently,
any \ € 95V (6*)). Then \T6* > 0.

Proof of Lemma A.I. Since V is the value function of a linear
program with respect to a right-hand-side perturbation, it is
convex in J. Hence for any § and any A € 95V (0*),

V(§) > V(§*) + AT (5 —6%).
Choosing § = 0 gives
V(0) > V(6*) = AT6%,

so AT6* > V(6*) — V(0) > 0. O
Proof of Proposition 2. Let §* be an optimal solution of the
flexible consumer problem and suppose V' (6*) > V(0). Let
R* denote the (single) active-set region containing J* and let
A be the (constant) LMP vector on R*.

Consider the linear program obtained by fixing prices to A
and restricting § to R*:

min A (dgex + 0) (7a)
st. T()d < q(a), (7b)
176 =0, (7¢)
Ar+0 < br-, (7d)

where (7d) defines R*, without loss of generality, as inequal-
ities. Since * € R* and A is constant on R*, 6* must satisfy
the KKT optimality conditions of (7).

Let v, p > 0 denote the dual variables for (7b) and (7d),
and let k € R denote the dual variable for 176 = 0. The
stationarity condition is given by

AMT(a) v+ Kl + Ag.p=0. (8)



If 6* does not lie on the boundary between two or more active-
set regions, then it lies in the interior of R*, so Ag«d* —
br~ < 0 and complementary slackness implies p = 0. Thus
(8) becomes

A= -T(a) Ty -kl
Taking the inner product with §* and using 17 6* = 0 yields
A6* = —yTT(a)d".
By complementary slackness for constraint (7b),
7 (T(a)8* —g(@)) =0 7 T(@)* =~ g(a),

SO

=

AT =—~Tq(a) <0,

since v > 0 by dual feasibility and ¢(«) > 0 by assumption.
This contradicts Lemma A.1, which implies ATé* > 0 when
V(6*) > V(0). Therefore, 6* must lie on the boundary
between two or more operating regimes. [

C. Single-level Reformulation of (5)

The single-level reformulation of (5) is given as follows:

min AT (dﬁex + 5) (9a)
st. (p, 0, f) satisfy (1b)—(1f) (9b)
“ANG+rat—n=c¢ (9c)
—n"(BA)4+ve] =0 (9d)
nTHATAT - =0 (%)
ptop 7t >0 (9f)

CTp _ _)\T(d+ 5) + (M+ — ,u_)TF + (7T+)T15
g

J € Fla). (%h)

Constraints (9b) enforce primal feasibility of the market
clearing problem, while (9¢)—(9f) impose dual feasibility.
Strong duality is enforced via (9g), ensuring that the primal
dispatch and dual price variables are mutually optimal for the
realized load vector d + 6. The upper-level decision variable
0 enters the problem through the load balance constraint (1c),
the strong duality constraint (9g), and the flexible feasibility
set (9h), and the objective (9a). As a result, Problem (9) is
nonconvex due to the bilinear terms (9a) and (9g). We solve
the resulting bilinear program using Gurobi 12’s nonconvex
quadratic solver, which employs a spatial branch-and-bound
framework with convex relaxations [19].

D. RTS-GMLC Computational Details

For linear offer curves, we utilize each generator’s average
heat rate (HR_avg_0) from the RTS-GMLC data to compute

a constant marginal cost in $/MWh as:
pfuel
3
cg = fﬁ x 10° x HR,
where pg“el is the fuel price in $MMBTU and HR, is the
average heat rate for generator g. This formulation yields a

(10)

PowerUp Conference 2026

single linear segment for each generator’s offer curve rather
than the multi-segment piecewise linear curves available in the
full RTS-GMLC dataset. For VRE generation resources, we
apply time-varying upper bounds using the 5-minute resolution
timeseries data provided with RTS-GMLC, aggregated to
hourly resolution by averaging.

E. Cost and Profit Outcomes Boxplot
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Fig. 3: Hourly cost and profit impacts of spatial load shifting
under o = 0.25 and o = 0.5. Boxplots compare decentralized
and system-optimal outcomes relative to the no-flexibility
baseline.



I. REVIEW #27A

A. Paper summary

The paper studies price-anticipatory spatial load shifting by modeling a large flexible consumer as a Stackelberg leader
interacting with DC optimal power flow (DC-OPF) based market clearing.

B. Comments for authors

The paper is very well written, mathematically rigorous (in my opinion, too rigorous, making it hard to read) and equipped
with great graphics. The major issue is that I have already seen a paper developing the same model over ten yers ago: Strategic
bidding for a large consumer SJ Kazempour, AJ Conejo, C Ruiz - IEEE Transactions on Power Systems, 2014 Thus, the paper
does not bring and modeling novelty. Its strong point is economic analysis, which I'm not sure is a sufficient contribution.
Also, the demand flexibility part of the model is oversimplistic. It assumes the overall consumption to be constant with «
portion available for load shift. However, depending on the load type, the reduced and increased part of the load are not the
same, especially for HVAC systems. This type is omitted.

C. Summarize your recommendation in one to two sentences

Well written paper, decent analyses, however, the model is simple (demand response) and old (price-maker consumer).
— Hrvoje Pandzic

II. REVIEW #27B

A. Paper summary

This paper investigates the behavior of spatially flexible loads that are price-anticipatory. They show that cases can arise
where the incentives of the load operator do not align with the social welfare optimal cost. These cases are demonstrated on
a small test system and also observed in experiments on the 73-RTS test network.

B. Comments for authors

The author present a very thorough mathematical formulation and demonstrate the misaligned incentives through an illus-
trative example. I felt the main weakness of the paper was in the narrowness of the 73 bus example and the limited discussion
around consequences of the misaligned incentives. 20% of the energy being spatially flexible seems both large and uniform,
so maybe have a significant effect on the results. Furthermore, the authors state that misaligned incentives occur when changes
in the marginal generator or congestion occur, I would expect that at least the latter might be relatively common.

C. Summarize your recommendation in one to two sentences

Thorough and well written exploration of spatially flexible loads set up as a Stackelberg game. The paper is extremely
interesting, although the practical importance of the results is not well motivated.
— Constance Crozier

III. REVIEW #27C

A. Paper summary

This paper explores the implications of the strategic behaviour of large flexible loads in market efficiency using a Stackelberg
game formulation. The problem is structured such that the consumer can learn the market-clearing response and shift con-
sumption to force a change in the marginal generator to reduce their costs when the system is operating at the intersection of
DC-OPF operating regimes. Overall, flexible loads reduce total system operating costs, the distribution of benefits is imbalanced
in cases of misalignment, leading to a reduction in generator profits and slight mitigation of the system cost benefits arising
from load flexibility.

The mathematical formulations were clear and well-structured, then illustrated effectively with a stylized (3-bus) example.
Simulations extended the results on a 73-bus IEEE test system.



B. Comments for authors

This paper is well written and enjoyable to read, with clear and well-articulated mathematical explanations. The mathematical
basis is illustrated effectively with a stylized (3-bus) example, with simulation results on a 73-bus IEEE test system. The results
show clearly that levels of misalignment increase with flexible capacity - there is system and consumer benefit to load flexibility,
though the system optimal solution also benefits generators, and likely leads to lower emission outcomes.

Minor concern on Table 1: The rows are labeled with ”System” and ”"Consumer”, which may refer to the centralized versus
decentralized objectives. Otherwise, the meaning of a consumer (rows 2 and 4) - system (V column) cost entry is unclear to
me. It would be helpful to use consistent language between the tables/figures and the narrative text.

Minor typo: possibly, Page 5, column 2, first paragraph. Should the 7.9M be 7.5M?

In the results presented, the flexible loads are coordinated under one (consumer) decision maker. In the case of multiple
flexible consumers acting independently, presumably the incentive for strategic behavior would be mitigated. Would this bring
the distribution of benefits (and total system cost) closer to the centralized solution?

The DCOPF assumption is helpful for tractability (and reformulation to a single-level), and ensures convexity and piecewise
LMP mapping within the active sets. Without this assumption and consequent loss of convexity, what would be the impact on
Proposition 1? If not, then presumably the misaligment would be even more frequent.

C. Summarize your recommendation in one to two sentences

This is a nice paper, that illustrates some important complexities in integration of large flexible loads.
— Lindsay Anderson

IV. BRIEF RESPONSE TO REVIEWERS (OPTIONAL)

We thank the reviewers for their careful and constructive feedback. Below, we respond to specific points raised by reviewers.

Regarding connections to Kazempour et al. (2014): while both works share a bilevel, price-anticipatory structure, the source
of market power differs fundamentally. In the prior work, the consumer withholds consumption to depress prices, whereas our
balance constraint fixes total consumption, so market power is exercised purely through spatial reallocation. This shifts the
mechanism of inefficiency from withholding to discrete transitions between DC-OPF operating regimes, which we consider
our work’s main analytical contribution.

Regarding flexibility modeling: the uniform “box-with-balance” set is one instance of the general polyhedral feasible region
assumed by our analysis, so our theoretical results do not rely on this form. Heterogeneous flexibility of loads (among other
more realistic modeling features) is compatible with our framework, and we plan to pursue this direction in future experimental
work along with more extensive sensitivity analysis with respect to experimental parameters such as «

Regarding multiple independent consumers: intuitively, one should expect more fragmented decision-making to reduce
individual market power and consequently have an “aligning” effect on load shifting behavior. However, our current formulation
models a single flexible decision-maker, so we leave analysis of the multi-consumer case for future work.

V. BRIEF SUMMARY OF CHANGES MADE TO THE FINAL PAPER

o Added a citation to prior work on strategic bidding in electricity markets in Section II along with a discussion of differences
from our work (see response for details).

o Added a citation to prior work analyzing load shifting in two-zone systems in Section II.

« Relabeled the Table I objective rows from ”System” and ”Consumer” to ”Centralized” and “Decentralized” for consistency
with the text.

o Corrected the flexible consumer savings figure to $7.5M and the generator profit percentage result to 3.9% (Section V-B).

o Included an acknowledgements section.





