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Abstract

Explosive growth in energy-intensive Al data centers is outstripping the pace of
power grid interconnection and transmission expansion. While operational flex-
ibility has been proposed to mitigate this stress, existing processes are often
reactive and evaluate projects only after they enter a multi-year interconnec-
tion queue. To address this, we introduce a planner-initiated siting framework
that integrates (i) reliability-gated screening, (ii) system-wide market-impact
assessment under standardized flexibility envelopes (firm, pause, and shift), and
(iii) entropy-weighted multi-criteria scoring to produce ranked, pre-certified cat-
alogues of interconnection-ready locations. Applied to a synthetic 2,000-bus
Texas power system, the framework demonstrates that operational flexibility
expands the siting frontier by 9-17% at 1 GW and 19-21% at 2 GW compared
to firm operation. Median all-hour average prices remain essentially unchanged
($24.32/MWh for the 2 GW cases), and the shift envelope attenuates peak-hour
price dispersion by approximately 3.4% with minimal side effects during off-peak
hours. Utilizing pre-certified envelopes to bypass major transmission reinforce-
ments, this workflow enables first energization in 12—-18 months—a conservative
reduction of 3.5—4 years versus the conventional 5-8 year project-led process. This
technology-agnostic framework provides a proactive decision-making tool for sys-
tem operators and regulators to fast-track large flexible loads while preserving
grid reliability and market stability.

Keywords: Data centers; Interconnection; Flexible demand; Non-firm connections;
Siting; Transmission planning; Locational marginal pricing; Congestion; Reliability
and Economics; Reliability (N-1)



Introduction

Within one decade, the world’s digital infrastructure could require the electricity to
the equal of major industrial nations. Data centers used approximately 460 TW h in
2022 and are projected to approach 0.95PWh by 2030—about 3% of global elec-
tricity—with Al-optimized workloads the main driver [1]. The speed and geographic
concentration of this growth, rather than growth alone, is now challenging power
systems.

The efficiency-kept equilibrium of the 2010s has ended; Al-scale compute is driv-
ing sustained load growth that outpaces interconnection and grid build-out, creating a
rapidly widening gap between digital infrastructure deployment and the observed pace
of power-system expansion [2-4]. This growing chasm motivates the central premise
of this research. In North America, regional transmission organization (RTOs) explic-
itly revise load trajectories to account for unprecedented data-center—driven growth:
the Pennsylvania-New Jersey-Maryland Interconnection (PJM) adds zone-level adjust-
ments (including Dominion, VA), lifting the ten-year RTO peak by tens of gigawatts
[5], while Virginia’s legislative audit finds that unconstrained demand could double
within a decade, requiring substantial new in-state generation and a ~40% increase
in interzonal transfer capability into Dominion [6]. Meanwhile, global grid stocktakes
and federal U.S. studies conclude that transmission development times and connec-
tion queues have become binding constraints, with pervasive regional and interregional
needs emerging by 2030 and beyond [7, 8]. In practice, data center campuses can
be site-ready in ~2 years, whereas major substation or transmission augmentations
often require ~5-10 years—an asymmetry that fuels interconnection queues, late
reinforcements, and localized price volatility [9-13].

Although data-center loads often exhibit relatively simple and stable demand pro-
files—characterized by flat, highly predictable electricity consumption over short time
horizons—they are structurally distinct from most other forms of load growth from a
planning perspective. Hyperscale data centers introduce large, persistent, and spatially
concentrated demand at a limited number of candidate interconnection points, placing
sustained stress on generation adequacy and local transmission capacity and tighten-
ing reliability constraints due to their low tolerance for supply interruptions. These
challenges are amplified by pronounced time-scale mismatches and demand uncer-
tainty: data-center projects can become site-ready within one to two years, whereas
major transmission or substation reinforcements typically require much longer plan-
ning and construction horizons, and future demand may scale rapidly, relocate, or
be withdrawn. At the same time, data-center electricity demand increasingly exhibits
structured and contractible forms of flexibility enabled by computational workload
scheduling, such as temporal load shifting or managed curtailment.

Recent studies and regulatory initiatives have explored alternatives to traditional
project-led interconnection, including hosting-capacity analyses, expedited intercon-
nection pathways, non-firm or flexible connections [14-16]. While these approaches
represent important progress, they are often limited to specific regions, single planning
stages, or isolated technical criteria. In practice, the absence of a system-level, planner-
initiated workflow that jointly considers reliability, operational flexibility, and market



impacts has led to fragmented decision-making and continued reliance on reactive
queue-based processes.

Despite emerging utility- and regulator-led initiatives, practice remains piecemeal
and lacks an integrated, auditable workflow that links reliability-gated screening,
standardized flexibility envelopes, and market-impact quantification—gaps this study
addresses. Signals of both urgency and fragmentation are evident across jurisdictions.
Northern Virginia’s Data Center Alley (~3.6 GW coincident demand in 2024) has
triggered transmission reinforcements and contentious local siting debates [17]. Inter-
nationally, Ireland has proposed a dedicated connection policy for large energy users;
Singapore paused then relaunched capacity via a Green Data Centre Roadmap that
unlocks at least 300 MW subject to efficiency and clean-power criteria.; and the Nether-
lands temporarily halted hyperscale projects pending national rules [18-20]. Great
Britain’s Connections Action Plan documents customers receiving dates in the late
2030s under status quo processes and sets out queue management and non-firm/flexible
connection reforms [21]. In the U.S., Electric Reliability Council of Texas (ERCOT)
has formalized a Large Load Interconnection Study process, and the Southwest Power
Pool (SPP) has floated an expedited ~90-day fast-track concept for qualifying data
centers [22, 23].

These developments suggest a different organizing principle for large-load intercon-
nection: a shift from project-led queueing toward a planner-initiated siting workflow in
which interconnection feasibility is treated as the primary design constraint and oper-
ational flexibility is evaluated as a standardized planning instrument. In this emerging
workflow, planners pre-define operating envelopes at candidate nodes, screen them for
reliability compatibility, and assess system-level effects before queue entry, thereby
producing auditable shortlists that are consistent with ongoing reforms around flexible
and fast-track interconnection [24-27].

In this work, we introduce a planner-oriented computational framework for the
proactive, reliability-gated, and market-driven siting of large, potentially flexible
loads. The framework represents flexibility through standardized operating envelopes
(firm, pause, and shift), screens candidate locations for compatibility with N—1 secu-
rity, quantifies system-wide market effects using transparent price and congestion
metrics, and ranks feasible sites using a reproducible multi-criteria procedure. The
contribution is architectural in primacy but not exclusively so: the workflow is under-
pinned by (i) formally parameterized flexibility envelopes as contractible planning
instruments enabling pre-certification and ex post audit; (i) simultaneous, system-
scale coupling of N—1 reliability gating with SCUC/SCED-based market simulation
across multiple operating envelopes, distinct from existing project-by-project hosting-
capacity and interconnection studies; and (iii) entropy-weighted TOPSIS applied to
grouped, direction-consistent absolute market metrics, a combination not previously
applied in the large-load interconnection siting context. Using a synthetic Texas-scale
power grid, we show that operational flexibility expands the feasible siting fron-
tier, supports near-term energization pathways, and generally preserves all-hour price
levels while reducing peak-time volatility in flexibility-enabled cases. We also iden-
tify policy integration points that align the framework with emerging fast-track and
flexible-connection processes [9-11, 22].
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A planner-initiated, reliability-gated and market-driven
framework for fast-track interconnection
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Fig. 1: Planner-initiated screening-to-certification workflow with indicative timelines.
Starting from a common grid model and data, planners apply a three-stage pipeline
comprising Stage 1 reliability gating, Stage 2 price—congestion and operational-
feasibility quantification, and Stage 3 scoring and ranking. This process produces (i)
a pre-certified ranked catalogue of feasible locations and (ii) site-specific pre-agreed
operating envelopes specifying maximum demand, ramp bounds, and optional pause
or shift commitments. A-D denote example developer applications selected from the
planner-provided ranked catalogue and submitted under certified operating envelopes.
Once the selected envelope is accepted and contractually signed, projects may proceed
through a fast-track pathway, supporting earlier first energization, indicated by the
lightning icon, on the order of 12-18 months. For comparison, the conventional project-
led pathway begins with unvetted requests under a first-come, first-served process.
E-H denote example interconnection requests submitted without prior certification,
in which developers independently choose locations and operating modes outside the
ranked catalogue and certified envelopes. This pathway typically leads to energization
on the order of 5-8 years when substantial new supply and transmission are required
[12, 27]. Here, PR; s, Tpr and S; 5 denote the reliability-screening metric, screening
threshold and ranking score, respectively; Nsnifi, Nrirm and Npgyse denote candi-
date sets under shift, firm and pause operating envelopes; and T4 and Teopn, denote
indicative times to energization for the planner-initiated and conventional pathways,
respectively. Durations are illustrative and jurisdiction-dependent.



Building directly on the interconnection timing asymmetry, we present a proac-
tive, planner-initiated siting framework that integrates reliability and market effects
from the outset and replaces case-by-case negotiation with a pre-certified catalogue of
locations and pre-agreed operating envelopes. Figure 1 provides a schematic overview
of the framework, while Box 1 summarizes its step-by-step algorithmic workflow.

This framework has four elements, including a foundational data layer and a three-
stage screening-to-certification pipeline.

(i) Data preparation and management. This foundational layer aggregates network
topology, generator parameters, and time-series profiles for load and renew-
ables. Crucially, we preserve the temporal correlations inherent in power system
data, acknowledging its non-independent and identically distributed nature. By
maintaining chronological alignment across datasets, we ensure that subsequent
optimization stages, such as SCUC, can correctly enforce inter-temporal con-
straints including generator ramping and minimum up and down times, and can
accurately evaluate the economic effects of temporal flexibility mechanisms such
as load shifting.

(ii) Reliability-gated screening. A system-wide feasibility screen based on N—1 secu-
rity and pass-rate thresholds filters candidate buses before detailed study, focusing
scarce planning bandwidth on low-risk locations. Reliability serves as a gate
rather than a scoring criterion.

(iii) Market-impact assessment under standardized flexibility profiles. Each candidate
is evaluated for both operational feasibility and market impacts under a transpar-
ent, planner-defined profile that specifies maximum demand, ramp bounds, and
optional flexibility commitments, such as peak shaving or time shifting. Projects
that certify to a given profile become eligible for a fast-track path consistent with
emerging non-firm and flexible-connection practices [21, 22, 27].

(iv) Transparent multi-criteria ranking. Qualified locations are ranked for each pro-
file using five absolute, system-wide metrics: cross-node mean LMP, cross-node
LMP standard deviation, P95-P5 range, binding hours, and congestion rent.
We adopt entropy-weighted Technique for Order Preference by Similarity to
Ideal Solution (TOPSIS) to obtain data-driven, direction-consistent weights while
retaining interpretability [28, 29]. In addition, robust aggregates, such as mini-
mum and expected score across profiles, identify sites that remain high-scoring
under multiple operating modes (Methods, Stage 3).

Generalizability and extensibility

While our demonstration uses only reliability as a gate and market impacts as ranked
metrics, the framework is designed to be generalizable and extensible. Additional
electrical factors and non-electrical siting factors that materially influence data-center
development, such as water consumption and local water availability, acoustic impacts
including noise contours and sensitive-receptor buffers, air permitting and emissions,
land-use and footprint constraints, construction logistics, and environmental-justice
screening, can be incorporated in two modular ways:



® As additional gates when regulatory thresholds or community standards must be
satisfied, such as maximum allowable decibel levels at parcel boundaries, water-
rights limits, or exclusion buffers.

® As additional scored criteria when trade-offs are appropriate, such as normalized
water intensity (m®/MWHh), expected noise-exceedance hours, or construction
impact indices, combined with the existing metrics through entropy-weighted
TOPSIS or alternative multi-criteria methods (Methods, Stage 3).

Because operating envelopes and metrics are defined through open templates, planners
can extend the library of profiles, including firm, pause, shift, and ramp-bounded vari-
ants, as well as the scoring schema without retooling the pipeline, thereby preserving
reproducibility while accommodating jurisdiction-specific priorities.

Output of the planning framework

The framework outputs (a) a pre-certified catalogue of locations that satisfy reliability
gates and (b) a site-specific pre-agreed operating envelope, certified upon signature,
that can shorten time to energization by enabling fast-track, non-firm interconnection
while long-lead reinforcements proceed [12, 27]. Together, these outputs convert the
planning process from reactive, case-by-case screening into a proactive mechanism
that identifies feasible locations in advance and links them to transparent, pre-defined
operating conditions.

Study system and flexibility setup

We evaluate the framework on a 2,000-node synthetic Texas grid [30] with hourly
2020 demand and renewable profiles and realistic generator cost curves. We adopt
the ACTIVSg2000 synthetic Texas system to provide a fully reproducible, ISO-scale
demonstration. Detailed operational-grade transmission network models and certain
operational datasets are commonly subject to confidentiality restrictions, for example
CEll-related limitations, which prevents open release of the underlying cases. Accord-
ingly, quantitative results in this paper should be interpreted as proof-of-concept
findings on a realistic synthetic footprint rather than universally calibrated estimates.
Security and market assessments are performed under an N—1 contingency scope with
practicability filters on interconnection voltage level (24-500 kV). Only buses that
pass Stage 1 advance to Stage 2 simulations, where infeasible or non-convergent cases
are excluded before scoring and ranking.

We apply three standardized operating envelopes: firm (flat load at utilization p),
pause (on-peak curtailment with no make-up), and shift (on-peak curtailment with
off-peak make-up subject to optional ramp bounds). Unless noted otherwise, we use
p =0.8, on-peak ¢t € {16,17,18,19}, and the curtailment, make-up depths, and ramp
bounds specified in Methods.

Stage 1: Reliability pre-screening

For each candidate bus ¢ and envelope f, we define PR, s as the fraction of single-
contingency DC-OPF cases that remain feasible when a data-center load trajectory
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Fig. 2: Stage 1: Reliability pre-screening. Qualified counts by size and envelope (7pr =
0.95). The heat map (1 GW example) shows PR; ¢ by bus; yellow indicates higher
pass rates. Under the baseline envelopes, flexible operation (pause and shift) expands
the feasible set relative to firm. Source data are provided as a Source Data file.

d(TJEZ) is added at ¢ over the study period. Buses with PR, y > 7pgr (here 7pr = 0.95)

form the Stage 1 pre-qualified set Qgcl) for envelope f. This metric transparently
summarizes location-level robustness to line or generator outages under the assumed
operating envelope. We restrict to 24-500 kV interconnection points to reflect practical
siting.

Importantly, Stage 1 is a reliability gate based on DC-OPF screening, while Stage 2
serves as an operational feasibility validation under SCUC/SCED. As a result, some
buses in Q;l) may be removed in Stage 2 if the full market simulation becomes
infeasible or fails to converge.

Screening outcomes are highly uneven across sizes and envelopes, as illustrated in
Figure 2. At moderate sizes (300 MW and below), many locations satisfy the Stage 1

gate; at 1-2 GW, the pre-qualified set Qgcl) contracts sharply toward backbone corri-
dors and generation hubs. Under the baseline envelopes used here (pause with o = 0.15
and shift with @ = 0.20), flexible operation expands Qgcl) relative to firm, consistent
with the idea that pre-agreed envelopes create headroom under contingencies. We
note, however, that for some parameterizations, for example small o under shift, flex-
ibility benefits can be muted or offset by make-up timing and ramp constraints, which
we further assess in the sensitivity analysis.



Stage 2: Price—congestion impact quantification

Having secured a set of locations that satisfy physical reliability gates in Stage 1,
the next critical question is whether these candidates can operate without distorting
system-wide market prices or triggering operational infeasibility. To address this, for
each envelope f and each pre-qualified bus i € Q;l) from Stage 1, we run day-ahead
security constrained unit commitment (SCUC) and intra-day security constrained eco-
nomic dispatch (SCED) with the corresponding load trajectory Kgf) placed at 7. Stage 2
therefore acts as an operational feasibility validation: if the SCUC/SCED problem
becomes infeasible or fails to converge for a given (i, f), we exclude that bus from
further evaluation. The remaining buses form the Stage 2 qualified set Qgg), which is
the final feasibility-vetted candidate pool used for reporting market impacts and for
Stage 3 ranking.

We summarize system-wide absolute market outcomes using five metrics (defini-
tions in Methods, Stage 2): (1) cross-node mean LMP, (2) cross-node LMP dispersion
(P95-P5 range), (3) cross-node LMP standard deviation, (4) binding hours, and (5)

congestion rent. We report medians across ¢ € QSP) with Interquartile Range (IQR) in

brackets; the corresponding sample sizes are reported as Ny = \Q}2)| in Tables 1-2.

Key findings

(i) Flexibility expands the siting frontier after feasibility validation. After Stage 1 pre-
screening and Stage 2 operational feasibility validation, the final qualified set sizes are
as follows: at 1 GW, Ngrm = 193, Npause = 226 (+17%), and Ngnige = 210 (+9%); at
2 GW, Nfirm = 57, Npause = 68 (+19%), and Ngpity = 69 (+21%). The expansion is
more pronounced under pause at 1 GW, while both modes show similar expansion at
2 GW.

(ii) All-hour price levels are stable, while shift lifts off-peak means slightly.
Median all-hour mean LMP is essentially unchanged across envelopes (1 GW:
24.29/24.30/24.31 $/MWh for firm/pause/shift; 2 GW: 24.32/24.32/24.32 $/MWh
for firm/pause/shift). Consistent with make-up energy, shift modestly raises off-peak
means (for example, +$0.03 at 1 GW: 23.96 — 23.99 $/MWh; +$0.03 at 2 GW: 23.98
— 24.01 $/MWh), while on-peak means change little, with a slight decline under shift.

(iii) Peak-time dispersion attenuates under flexibility modes, with shift showing
larger reductions. At 1 GW, on-peak P95-P5 decreases from 2.95 (firm) to 2.94
(pause; —0.3%) and 2.90 (shift; =1.7%) $/MWh; standard deviation shows similar,
small declines (2.13 — 2.09/2.10). At 2 GW, on-peak P95-P5 decreases from 2.94
(firm) to 2.92 (pause; —0.7%) and 2.84 (shift; —3.4%) $/MWh; standard deviation shows
similar declines (2.08 — 2.07/2.06). The reduction in peak-time dispersion is more pro-
nounced under shift mode, particularly at higher loading. This peak-hour attenuation
can come with a small increase in off-peak, and therefore all-hour, spatial dispersion
under shift, consistent with make-up energy being redistributed to non-peak hours.

(iv) System-stress proxies move little. Median binding hours and congestion rents
differ by at most a few hours and $0.01-0.02 M per day across envelopes at a
fixed size. At 1 GW, binding hours remain stable (112-113 h for all hours; 16-17 h
on-peak; 96-97 h off-peak). All-hour congestion rent shows a slight increase under



shift (0.59 — 0.61 $M/day), while off-peak rent changes are similarly small (0.45 —
0.46 $M/day). At 2 GW, congestion rents remain comparable across envelopes (all
hours: 0.62-0.63 $M/day; on-peak: 0.14-0.15 $M/day; off-peak: 0.47-0.48 $M/day).

The key takeaway from this case study is that flexibility offered by data centers
enlarges the feasible siting set by 9-17% at 1 GW and 19-21% at 2 GW, depend-
ing on the flexibility mode and «, while preserving system-wide all-hour price levels.
Pause mode (a = 0.15) yields the largest expansion at 1 GW (+17%), whereas both
modes expand the frontier similarly at 2 GW. Shift mode (o = 0.20) delivers the
strongest reduction in peak-hour dispersion (for example, on-peak P95-P5: 2.95 —
2.90 $/MWh at 1 GW; 2.94 — 2.84 $/MWh at 2 GW), with only a slight off-peak
mean-price lift (+$0.03) and a small on-peak mean-price reduction. Meanwhile, con-
gestion rents and binding hours remain broadly stable across envelopes (for example, at
1 GW, all-hour rent 0.59-0.61 $M/day and off-peak rent 0.45-0.46 $M/day), support-
ing a favorable trade-off in which flexibility unlocks additional siting options without
materially worsening system-wide congestion or LMP volatility.

Stage 3: Reliability-gated scoring yields scenario-specific
shortlists

We convert Stage 2 absolute metrics into a composite score and produce planner-
ready shortlists within each envelope. Metrics are partitioned into three groups:
Group 1 for peak-hour dispersion and congestion, Group 2 for off-peak side effects, and
Group 3 for all-hour impacts. After direction-consistent normalization, group entropy
weights capture cross-bus information content, yielding group scores SGq We then
apply TOPSIS to the normalized group scores to compute the closeness coeflicient
CC; 5 € [0,1] (Methods, Stage 3), and use CC; y as the scenario-specific composite
score \S; y to rank candidates within each envelope. We also report fixed group weights
(0.70/0.20/0.10) as diagnostics, chosen a priori to prioritize peak-hour reliability and
congestion in Group 1, retain penalties for off-peak side effects in Group 2, and pre-
serve a small all-hour guardrail through Group 3, and find rankings broadly stable to
these alternatives.

Feasible and top-k fast-track locations in the Texas case study

Figures 3—4 illustrate the spatial distribution of Stage 2 qualified buses under each
scenario, overlaid on the Texas transmission network (gray lines); amber circles denote
the top-k shortlist and blue circles denote the remaining qualified buses.

The maps reveal that qualified locations are not evenly spread but rather concen-
trate around major load hubs and backbone transmission corridors where demand is
dense and the grid is most meshed. These locations, analogous to metropolitan demand
centers and Gulf Coast-adjacent load zones, are precisely where new large-scale loads
create both opportunities and risks due to frequent congestion. In contrast, renewable-
rich zones with long radial ties contribute relatively fewer top-ranked candidates,
underscoring the importance of transmission support.

Scenario sensitivity is evident at 1 GW. The Top-20 overlap counts are FirmNPause
= 10, FirmNShift = 7, and PauseNShift = 8. Thus, at least half of each shortlist
changes with the envelope. Pause tends to surface additional Gulf Coast-adjacent and
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corridor nodes, whereas Shift elevates nodes in meshed northern hubs where temporal
redispatch helps relieve peak congestion.

Scale dependence emerges at 2 GW. As load grows, shortlists contract to backbone-
connected hubs. Overlaps are FirmNShift = 12, FirmNPause = 10, and PauseNShift
= 7. Firm retains more east and south-central corridor candidates, along with a few
in the west; Shift tilts toward north and north-central hubs; Pause emphasizes east
and south-central corridors and Gulf Coast-adjacent zones. This structure is visible in
Figure 4.

Key findings
(i) Flexibility not only enlarges the feasible set in Stage 1 but also reshapes the top-k
composition.

(ii) At 1 GW, overlaps of only 7-10 buses indicate strong envelope dependence of
siting recommendations.
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(ili) At 2GW, shortlists contract toward backbone hubs; overlaps remain non-
trivial (12/10/7 across pairs), with envelope-specific tilts (Firm: east and south-central
and some west; Shift: north and north-central; Pause: east and south-central and Gulf
Coast-adjacent).

(iv) Overlaps are not random: common candidates concentrate in Gulf Coast-
adjacent zones and northern and north-central load hubs, which appear structurally
robust, while unique picks arise more often in western renewable zones or along
southern and eastern corridors, where feasibility is sensitive to the assumed flexibility.

Interconnection time reduction via Fast Track (policy link)

Conventional interconnection for hyperscale loads ranges from 2-6 years in favorable
regions and can stretch to 5-8 years where new power supply and transmission are
required, with waits of about ~ 7 years reported in stressed hubs [12, 13, 31, 32]. By
contrast, planner-initiated, reliability-gated siting with pre-agreed operating envelopes
has enabled first energization in 12-18 months [27]. Ongoing reforms, for example
SPP’s proposed 90-day expedited study and ERCOT’s interim large-load process,
point in the same direction [14, 22, 23, 33]. These durations map to Tiony € [5, 8] years
and Trst € [1.0,1.5] years in Fig. 1, implying a conservative time-to-energization
reduction of ~3.5-4 years.

Limitations and scope

The rankings derived in Stage 3 are based on operational metrics simulated using DC-
OPF sensitivities atop SCUC/SCED on the 2000-bus synthetic Texas grid; local siting
constraints such as distribution capacity, cooling and water, and parcels are exogenous.
All Stage 3 quantities are reproducible from Stage 2 logs (hourly LMPs and duals),
and code and inputs are portable (Methods). Importantly, while our current criteria
emphasize reliability and market impacts, the workflow is designed to be extensible. As
detailed in Section 2, non-electrical siting factors can be integrated as additional gates
or scoring criteria in future implementations without altering the proposed workflow.

Comparative Validation and Sensitivity Analysis

Comparison against a naive historical LMP-based siting heuristic

To benchmark the proposed framework against a common industry heuristic, we con-
ducted a head-to-head comparison with a naive approach that selects candidate sites
solely by historical average LMP, that is, last-year lowest-LMP nodes. While such
price-based screening is intuitive, it does not explicitly account for N-1 security-
constrained feasibility under large interconnection requests, nor does it quantify
congestion exposure under the resulting operating conditions.

Specifically, under the base case with no added data-center load, we identified the
top-20 buses with the lowest annual mean LMP as the naive market-based shortlist.
We then placed a 1 GW data center at each of these buses and evaluated them using
our proposed workflow: Stage 1 (reliability gate) followed by Stage 2 (market-impact
assessment) where applicable.
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The results highlight a limitation of the naive approach: none of the top-20 naive
candidates passed the Stage 1 reliability gate (0/20 feasible) under a 1 GW intercon-
nection request. Table 3 further shows that these historically lowest-LMP sites are
geographically concentrated, primarily in the Far West, North, and South zones. This
geographic concentration highlights a limitation of purely price-driven siting: low-LMP
areas can coincide with locations that are sensitive to shared transmission interfaces
and contingency constraints, so historical price signals alone may not translate into
security-constrained interconnection headroom. By enforcing the reliability gate before
ranking, the proposed framework screens out infeasible candidates and ranks sites from
the qualified set, yielding shortlists that correspond to security-constrained feasibility
under the study assumptions.

Sensitivity analysis on key parameters

To further assess robustness beyond the baseline comparison, we conducted sensitivity
analyses on key parameters, including the reliability threshold (7pr), flexibility depth
(a), and generation marginal costs.

Impact of reliability threshold (tpr). We varied the reliability threshold to assess
the stability of the reliability-gated screening. The number of qualified nodes declines
monotonically as reliability requirements become more stringent, confirming that the
screening mechanism behaves in a stable and physically intuitive manner. From a plan-
ning perspective, this sensitivity highlights how the threshold can function as a policy
lever that trades off risk tolerance against the availability of fast-track interconnection
options. Full results are provided in the Supplementary Material.

Impact of flexibility depth (o). We varied the curtailment and shift depth « to evalu-
ate how flexibility magnitude affects system performance. Table 4 summarizes results
for Shift mode, where N denotes the Stage 2 qualified set size among candidates that
pass the Stage 1 gate. Increasing « expands N from 188 to 253. However, the compos-
ite score (CC; ¢) peaks at o = 0.40 and declines at o = 0.60, illustrating a trade-off:
while deeper flexibility expands the feasible set, aggressive load shifting can increase
congestion and ramp-related stress during energy make-up periods, leading to dimin-
ishing returns in the composite ranking. For small a, for example 0.05, peak relief is
often insufficient to materially improve composite-ranking outcomes.

In contrast, under Pause mode, increasing « slightly increases spatial price disper-
sion (P95—P5) and does not improve the overall composite score, despite expanding
the feasible set size (V).

Robustness to other parameters. We test robustness via uniform marginal-cost per-
turbation, not by altering the functional form of cost curves. Uniformly increasing
generation marginal costs to simulate a 20% fuel price shock shifts the absolute mean
LMP upward but preserves the relative rank ordering of candidate sites by composite
score (Spearman’s rank correlation p > 0.95).
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Discussion

Our results indicate that pre-agreed operating flexibility enlarges the feasible siting
set while leaving system-wide mean price levels broadly unchanged and tempering
peak-time dispersion at higher loading. This closes a gap between two mature but
typically siloed practices: security-constrained feasibility studies and market-impact
assessments are both well established, yet they are rarely coupled to standardized,
contractable operating envelopes that can be signalled ex ante and audited ex post.
By fusing a reliability gate with system-wide market metrics and a transparent multi-
criteria score, the decision locus moves from bespoke, reactive studies on individual
interconnection requests to a specification-driven, catalogue-style fast track.

It is important to note that the primary contribution of this work is architec-
tural rather than exclusively so: the central novelty lies in a planner-initiated, ex ante
siting workflow that integrates reliability screening, market-impact assessment, and
multi-criteria ranking into a single auditable pipeline. This architectural contribution
is underpinned by three methodological elements. First, the firm, pause, and shift
envelopes are formally parameterized as planner-issued, contractible operating obliga-
tions rather than merely descriptive load profiles, enabling pre-certification and ex post
audit. Second, the simultaneous, system-scale coupling of N-1 reliability gating with
SCUC/SCED-based market simulation across multiple envelopes differs from existing
hosting-capacity and interconnection studies, which are conducted on a project-by-
project basis and do not jointly evaluate reliability feasibility and system-wide market
impacts across a pre-defined menu of operating envelopes at the planning stage. Third,
the entropy-weighted TOPSIS applied to grouped, direction-consistent absolute mar-
ket metrics provides a transparent, data-driven ranking mechanism with traceable
weights, a combination not previously applied in the large-load interconnection siting
context. Critically, the fast-track catalogue is designed to allocate within existing grid
headroom at the point of allocation, rather than clearing projects through bespoke
upgrade negotiations.

As an important scope clarification, although on-site renewable generation and
behind-the-meter portfolios are increasingly pursued by data-center developers, they
typically do not on their own eliminate the need for grid interconnection for hyperscale,
high-availability loads. Meeting firm-power requirements under low-renewable peri-
ods and contingencies would require substantial overbuild and long-duration storage,
which is often less efficient in capital and reliability terms than leveraging the grid’s
spatial and resource diversity. Accordingly, within our workflow, on-site resources
are treated as net-demand reducers, that is, as lowering the effective interconnec-
tion load net of on-site resources entering Stage 1-2, rather than as substitutes for
interconnection feasibility.

Crucially, the acceleration achieved by this framework stems from procedural
efficiency rather than a mere redistribution of analytical workload. Contemporary
interconnection delays are dominated by wait-and-see latency: sequential queue pro-
cessing, administrative idle time, and cascading re-studies triggered by speculative
withdrawals, rather than pure analysis runtime. By converting this fragile, sequential
dependency into a parallelized, batch-mode pre-screening process, the framework elim-
inates the structural dead time that constitutes the bulk of the delay. Furthermore,
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although this approach screens nodes that may never be utilized, the computational
cost of automated batch screening in Stage 1 is parallelizable and yields durable system
information products that reduce failed late-stage studies, compared to the opera-
tional and capital costs of stalled infrastructure projects under the current reactive
paradigm.

Beyond the temporal dimension, the contributions of this framework carry
substantive economic and societal implications that merit explicit discussion.

On the economic side, the 3.5—4 year reduction in time-to-first-energization trans-
lates directly into significant value for both load developers and the broader economy.
Hyperscale data-center campuses routinely represent multi-billion-dollar capital com-
mitments; each year of interconnection delay compounds financing costs, defers
revenue, and erodes project viability. At the system level, replacing bespoke, project-
by-project restudy cycles with parallelized, batch-mode pre-screening reduces the
administrative overhead borne by system operators and substantially lowers the risk
of cascading re-studies, a well-documented cost driver under the conventional first-
come, first-served queue [12, 31]. More broadly, earlier energization of Al-scale compute
infrastructure accelerates regional economic development and the formation of digi-
tal industry ecosystems, generating spillovers that extend well beyond the electricity
sector.

On the societal side, the framework aligns with, and operationalizes, a growing
policy consensus that new large loads should not impose major grid-expansion costs
on existing ratepayers. The Bring Your Own New Generator (BYONG) movement,
now reflected in interconnection rules across several U.S. jurisdictions, embodies the
principle that new large loads should not impose major transmission reinforcement
costs on existing ratepayers [34-36]. Analogous ratepayer-protection considerations
are central to recent utility commission proceedings and legislative reviews [6], and
have motivated queue-reform proposals at ERCOT [22] and SPP [23]. While BYONG
requirements represent meaningful progress, they remain fundamentally reactive and
project-by-project in nature, and do not guarantee system-wide optimality.

The planner-initiated framework proposed here responds to precisely the same soci-
etal imperative, but through a proactive and system-wide lens: by pre-identifying and
certifying only those locations where the existing grid, augmented by a contractible
operating envelope, can accommodate new load without requiring major reinforce-
ments, the framework structurally prevents the cost-shifting that ratepayer-protection
initiatives seek to address. Fast-track eligibility is restricted exclusively to upgrade-
free nodes; acceleration in interconnection therefore does not come at the expense
of existing customers. In this sense, the framework operationalizes the intent behind
BYONG requirements and ratepayer-protection pledges while simultaneously enabling
faster, more transparent, and more equitable access to interconnection for large flexible
loads. Taken together, the temporal, economic, and societal dimensions are mutually
reinforcing: procedural speed is the mechanism, economic value is the proximate bene-
fit, and ratepayer-equitable, system-operator-led planning is the broader institutional
shift the framework supports.

From an energy-transition perspective, the pre-certified siting catalogue identifies
locations where existing transmission headroom can accommodate large new loads
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without major reinforcements, the same headroom that governs the deliverability of
clean power from remote renewables; co-locating data-center interconnections with
renewable-accessible corridors can therefore simultaneously advance grid decarboniza-
tion and Al infrastructure deployment, with the framework’s spatial outputs serving
as an actionable input to joint clean-power procurement and transmission co-planning.
From a governance perspective, replacing discretionary, case-by-case interconnection
decisions with a reproducible, entropy-weighted scoring mechanism reduces the risk
of regulatory capture and provides a traceable basis for third-party audit and pub-
lic accountability, attributes increasingly demanded by utility commissions, legislative
bodies, and civil-society stakeholders as large-load interconnection volumes scale.

Building on this, the framework is readily operationalized by planners with-
out bespoke additional tooling. Accordingly, the implementation burden shifts from
bespoke, project-specific studies to standardized planner-issued specifications and a
repeatable refresh process. First, planners can publish a concise menu of operating
envelopes, including peak windows, curtailment and shifting depths, and optional ramp
bounds, together with a public reliability gate and audit rules, so developers can design
to common specifications. Next, planners can apply the Stage 1 gate at practicable
interconnection levels and disclose the qualified set on a regular cadence, dynamically
retiring options that become infeasible due to evolving grid topology or capacity allo-
cation to preceding projects. This rolling update prevents stale recommendations but
requires a clear final allocation rule for simultaneous claims. In practice, planners can
run catalogue refreshes on a fixed cadence, for example monthly or quarterly, and
additionally trigger event-driven updates after major topology changes, including new
transmission entering service, major generator retirements, seasonal derates, or persis-
tent congestion regime shifts. Each refresh replays Stage 1-3 on the latest base case,
incorporates newly allocated projects as committed load additions, and republishes (i)
the updated qualified set, (ii) binding corridor and substation headroom indicators,
and (iii) a redacted archive of the metrics used for ranking to preserve auditability. We
provide an illustrative rolling-update example in the Supplementary Material: after
placing a 1 GW data center at the top-ranked node under each envelope, we update
the baseline system state and re-run Stage 1-3, moving from the reliability gate to
market metrics to scoring, to quantify how the qualified set, rankings, and market
impacts evolve. For monitoring and refresh, rather than initial certification, periodic
SCUC/SCED runs over the qualified set can quantify system-wide effects and archive
logs, including LMPs and duals, for third-party review. Finally, planners can release
curated shortlists defined over sites and envelopes and translate the chosen envelope
into interconnection agreements with caps, telemetry, measurement and verification,
and enforceable curtailment clauses so that verification replaces re-study.

To make these envelopes operationally credible, the interconnection agreement can
specify: (i) a telemetry and sampling standard, with MW measured at At resolution,
together with a clear baseline definition; (ii) a call and response protocol, for example
automated dispatch or curtailment signals with a maximum response time; (iii) mea-
surement and verification (M&V) rules, including allowed deviations and force-majeure
clauses; and (iv) a graduated enforcement ladder, ranging from financial penalties and
loss of fast-track status to physical disconnection for repeated non-compliance. These
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provisions convert flexibility from an aspirational attribute into an auditable operating
obligation.

The workflow is portable across jurisdictions and grid contexts. The Texas syn-
thetic grid was adopted as a fully reproducible, ISO-scale demonstration platform; it
does not define the geographic scope of the framework. The same pipeline applies to
any transmission system for which a network model, contingency library, and time-
series demand and generation profiles are available—conditions met by most European
transmission system operators, Gulf Cooperation Council system operators, and major
Asian grid operators, all of which face structurally similar interconnection bottlenecks
driven by the same load-growth and grid-build asymmetry documented in the Intro-
duction. The framework relies on planning artifacts standard at most ISOs and TSOs
worldwide (contingency libraries, security-constrained dispatch tools, geospatial lay-
ers), or reproducible on synthetic proxies where confidentiality precludes full model
release. It is technology-agnostic across steady 24/7 compute, shiftable AI workloads,
and behind-the-meter portfolios, including storage and curtailable cooling. Further-
more, the modular architecture allows planners to customize the criteria specifically
to their regional priorities, for example by integrating local environmental justice
screens or water constraints as discussed in the framework design, without altering
the common backbone.

Methodologically, we note that the framework does not hinge on any single
computational paradigm. While learning-based surrogates could accelerate repeated
evaluations through screening, clustering, or warm-starting, we retain physics-based
optimization, namely SCUC/SCED, as the decision core because interconnection eli-
gibility criteria require auditability, traceable constraint satisfaction, and regulatory
defensibility. We therefore position AI as a complementary acceleration layer that
can be added to the workflow without changing its structure or the auditability and
defensibility of the certified outcomes.

Several limitations and risks remain. The Stage 1 screen uses DC approxima-
tions and does not capture voltage or reactive-power constraints or small-signal
stability; these belong to final interconnection studies. Compliance with envelopes
is assumed perfect; in practice, scheduler constraints, service-level agreements, and
cooling dynamics may erode effective flexibility, underscoring the need for robust
M&V design and incentives. Long-run feedbacks, including new transmission, stor-
age, and generation induced by siting, along with distribution-interface constraints for
campus-scale connections, are out of scope.

The catalogue currently evaluates sites independently and therefore does not fully
model interactions among multiple simultaneous data-center sitings, including com-
petition for shared transmission corridors, competition for substation-level headroom,
and coupled congestion and ramping impacts as multiple injections reshape com-
mitment and flows. Because multiple projects targeting the same corridor effectively
compete for the same transmission headroom, deploying this framework requires
a coordination mechanism for final allocation. The ranking results (S; ) derived
in Stage 3 provide the necessary signal to implement such mechanisms. Practical
pathways include: (i) score-based sequential clearing, where the planner prioritizes
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simultaneous requests by their composite score (S; ¢). Unlike the conventional first-
come, first-served approach that processes requests blindly and often triggers extensive
upgrades, this mechanism allocates only within the pre-certified, upgrade-free head-
room represented by the catalogue. The highest-ranked project, that is, the one causing
the least system stress, is allocated capacity first, and the system model is updated;
subsequent requests are then re-evaluated against this updated baseline. To ensure
transparency and mitigate strategic bunching, the planner can publish tie-break rules
ex ante, for example tranche release, corridor caps, or diversification constraints. (ii)
batch portfolio selection, where the planner aggregates a batch of requests and solves
a joint maximization problem using the scores as welfare weights, subject to corridor-
level capacity constraints and N-1 feasibility gates; or (iii) market-based auctions,
as an optional pathway, where the planner auctions only pre-certified node—envelope
capacity. The composite score can be used to qualify bidders or inform reserve prices,
ensuring the allocation remains within upgrade-free headroom and bounded system
impacts. Periodic simulations and data disclosures also require redaction protocols
and third-party audits to balance transparency with security.

These caveats suggest a forward research agenda. Endogenous envelope design
would jointly optimize envelope parameters and peak windows under welfare and verifi-
ability constraints. Uncertainty and dynamics call for robust planning under renewable
and outage uncertainty with multi-day thermal and cooling dynamics and sequential
learning as fundamentals evolve. Richer physics and equity point to fast AC screens
and stability checks layered onto the shortlist and to fairness weights in the multi-
criteria stage to balance price-volatility relief against local impacts. Methodologically,
shift-factor pre-screens and learned congestion classifiers could accelerate Stage 1 while
preserving auditability.

Taken together, a planner-initiated catalogue of N—1 qualified locations paired
with enforceable operating envelopes reframes interconnection as a structured selection
among pre-vetted alternatives. In our case study, it produced transparent shortlists
and traceable composite scores while moderating peak-time dispersion without mate-
rially shifting system-wide mean prices. In addition, the workflow has been exercised
in a non-public setting under confidentiality constraints; however, we do not rely on
those non-public results for any quantitative claims in this manuscript. Comprehen-
sive validation on utility and ISO models and associated interconnection-queue data
remains an important next step, contingent on data access and disclosure permissions.
Future work will (i) validate the workflow with utility and ISO interconnection-queue
data and realized timelines across multiple jurisdictions including European TSOs,
Middle Eastern, and Asian grid operators, (ii) broaden the objective set beyond
reliability and market metrics to include water use, acoustics, land-use and permit-
ting, and distribution-level constraints, as well as carbon-intensity and renewable-
access indicators to support energy-transition co-planning, and environmental-justice
metrics alongside governance-transparency scores to enable equity-weighted, pub-
licly auditable siting decisions at scale, and (iii) generalize envelope design under
uncertainty with adaptive learning-based updates. These directions collectively sup-
port the framework’s evolution toward a globally deployable planning standard for
transmission-constrained systems.
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Methods

Data collection and processing

To ensure the robustness of the siting framework, we constructed a dataset that
captures both the spatial complexity of the transmission network and the temporal
variability of operational conditions.

Data sources and topology

The framework is demonstrated using the ACTIVSg2000 Synthetic Texas Grid, which
provides a realistic topology representative of the ERCOT system [30]. This topology
includes detailed parameters for transmission lines, transformers, and thermal gen-
erators. Generator cost curves are modeled as quadratic functions with unit-specific
no-load, startup, and shutdown costs. To model renewable intermittency, we integrated
high-resolution 1-hour solar and wind time-series profiles sourced from the NREL Inte-
gration Dataset (Texas subset) as described in [37]. These profiles are mapped to the
corresponding geographic coordinates of the synthetic-grid buses.

Handling non-IID characteristics

A critical aspect of our data processing is the preservation of temporal dependencies.
Power system data, specifically load demand and renewable generation, are inherently
non-independent and identically distributed because of strong autocorrelation and
diurnal patterns.

Unlike static screening methods that treat operating snapshots as independent
samples, our framework employs a multi-period SCUC. Consequently, we process data
as a continuous chronological sequence rather than randomizing time steps. Preserving
this non-IID structure is essential for two reasons:

1. Generator constraints. It allows the optimization model to strictly enforce inter-
temporal physical constraints, including ramping limits and minimum up and
down times, which are invalidated under IID assumptions.

2. Flexibility assessment. It enables the accurate evaluation of the Shift envelope
defined in Stage 2, where a data center’s ability to defer load from time ¢ to time
t + k depends entirely on the sequential availability of system resources.

All load and generation profiles were synchronized to the 2020 reference year to
maintain consistent correlations between weather-driven renewable output and system
demand.

System configuration and modeling assumptions

Flexibility envelopes and profiles

We formalize three standardized envelopes, F = {firm, pause, shift}, each parameter-
ized by utilization p € (0,1], a peak window Tpeak C Tday, peak-hour curtailment
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a € [0,1), an off-peak make-up factor S € [0, 1], and a within-day ramp bound T in
MW /h. Let P denote nameplate demand, for example P =1 GW or P =2 GW.
To avoid notational conflict with the line index ¢ € L used in congestion dual

variables, we denote the data-center load by d(Tf ) in MW, where 7 € Tqay is the within-
day hour. For year-hours ¢t € Ty, we map ¢ to 7(t) = 1 + ((t — 1) mod 24) and use

d(JE))
T(t)"
The hourly load at bus ¢ under envelope f is

PP, f = firm,
(1 — apause) PP, [ =rpause, T € Tpeak;
df) = ¢ pP, f = pause, T ¢ Tpeak, (1)
(1 — agpist ) pP, f =shift, 7 € Tpeax,
PP + Banin “Gg L 2l f = shift, 7 ¢ Ty,

subject to the ramp condition

s — dif_)l‘ <T, r>2 (2)

When Bgpire = 1, the daily energy of shift equals that of firm. Unless specified otherwise,
the study defaults are
p =023,

Tpeax = {16,17,18,19},

Qpause = 0.19,

oshigy = 0.20,
Bshite = 1,
T —02P,

where T represents the data center’s maximum hourly ramp capability, set to 20% of
its nameplate capacity P.

Time index sets

We use two time index sets:
Taay = {1,...,24}, Ty = {1,...,8760}. (4)

Study system parameters

Based on the ACTIVSg2000 model [30], our study system comprises |N| = 2000 buses,
|G| = 598 generators, and |£| ~ 3206 branches. Initial interconnection candidates are
defined as

I={ieN: 24kV <V, <500kV}. (5)
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Stage 1 yields the qualified set of bus—envelope pairs Q@ C Z x F via the reliability
pass-rate gate; only Q advances to subsequent stages. Unless stated otherwise, Stage 3
results report per-envelope top-k shortlists with k = 20.

Modeling assumptions

All security and market simulations utilize standard DC approximations, namely
lossless power flow with fixed voltage magnitudes. Consequently, reactive power,
voltage-stability limits, and small-signal stability are not explicitly modeled in this
screening phase. Final interconnection studies would typically require full AC power
flow and stability analyses.

SCUC/SCED and solvers

Day-ahead SCUC is a MILP over T" = 24 hours with binary commitments u,4; and
startup and shutdown variables y,; and zy :

min Y3 (Cypg) + CNug s+ C5Vy0 0 + C5P2,.) (6)

t€Taay 9EG

The problem is subject to unit limits, ramping, minimum up and down times, reserves,

and DC network constraints. Let pitnj e RWI denote the net bus-injection vector,

which equals generation minus demand and includes the envelope load d(TQ) at bus i
when present. Let 8; denote the bus-angle vector, B the bus-susceptance matrix, ®

the PTDF matrix, and f; the line-flow vector. We use

B6, = p;", (7)
fi = (ﬁp;nj7 (8)
7Fmax S ft S Fmax. (9)

Intra-day SCED, formulated as an LP with piecewise-linear costs or a QP with
quadratic costs, fixes uy, and redispatches py; hourly. The nodal LMP vector is
written as

A=A+ (- ) (10)
where the scalar components “Zt >0 and fe s = 0 represent the shadow prices on the
positive and negative line limits, respectively. At optimality, at most one side binds
for a given line and hour.

Computing environment

All  simulations were implemented in MATLAB R2023b wusing MAT-
POWER/MOST 8.0 for power-system modeling and Gurobi 9.5.1 as the optimization
solver. Runs were executed on Texas A&M University HPRC Grace nodes with 32
CPU cores and 128 GB RAM.
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Stage 1: Reliability pre-screening

Contingencies

We consider N — 1 outages of single branches, including lines and transformers,
and individual generators; radial and island-forming elements are excluded. The
contingency library C is fixed across sites and envelopes.

Pass-rate gate
For each candidate bus i € Z, envelope f € F, and year-hour ¢ € Ty;, we solve a DC-
OPF under each ¢ € C with envelope-specific load di’zz) at bus 4. Let 6; 5.+ € {0,1}

indicate feasibility, with a value of 1 when the model solves with zero penalty slack
on thermal limits and 0 otherwise. The pass rate is

PR, ; = |7'yr|\C\ S i (11)

tETyr ceC

A site is qualified for envelope f if PR; ; > 7pr; we set 7pr = 0.95 unless stated
otherwise.

Stage 2: Market-impact simulation

Candidate load insertion
For (i, f) € Q, the net demand used in SCUC and SCED is

5n,t(iaf) D t+1{’n’_l}d t)a te 7;/1“ (12)

Binding criterion

Year-hour ¢ is binding for scenario (i, f) if

max (u( ALl ) Sen £, =101 §/MWh. (13)

Absolute metrics for each scenario and time window

For a candidate bus i € Q with flexibility mode f, let )\( f ) denote the resulting
LMP at bus n € A/ and year-hour ¢ when a data center is placed at bus 7. Define the
cross-bus average LMP at hour ¢ under scenario (i, f) as

A |N| ZA“ . (14)

neN

For any time window W C 7y,, we compute the following scenario-specific metrics:

G, f ‘W‘ S (15)

tew
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Bos—si.JW) = o > (P95, (M) = Psa (ML) ], (16)

ox(i, [y W) = \/|W — > (X,(gi’f) —X(i,f;W)>2, (17)
tew

B(i,f;W)=Zl{rgleag( AT )>€u}7 (18)
te W

(lf)+ (Zf) max
R(, f |W| t;\)éez;(u )F (19)

_ We report the all-hours, on-peak, and off-peak windows. For each metric M €
{\,Ag5_5,0, B, R}, we summarize across qualified buses as median [IQR] over

{M @, ;W) i€ Qp}.

Stage 3: Scoring and shortlist construction

Metric groups and scaling

Alternatives are indexed by r = (i, f) for bus—envelope pairs. We partition the Stage 2
metrics into three cost-type groups, where lower values are preferred:

G = {A9575,pcak, Rpcaka chak» 0/\,pcak} y (20)
g2 = {Xoff» Boffa U)\,off} ) (21)
Gs = {Xan, Ra, oxan } - (22)

Group 1 emphasizes congestion-driven price dispersion and scarcity during stress peri-
ods. Group 2 focuses on average energy cost and operational stability during off-peak
hours, when load shifting occurs. Group 3 captures year-round cost efficiency and
cumulative congestion impacts.
Within each group, raw metrics X 7(,? )

min—-max scaling:

are converted to benefit form through inverted

(9) (9)
ety Xy = Xo, =101, (23)
max, XT(?} — min, XT(?]? + €

BY =

Entropy weights and group aggregation

Let R denote the number of alternatives. Using the same e for numerical stability, we
compute within-group proportions and entropies as

(9) _ rj

pr - ’ (24)
! Do B(g? +e

e§_g) = LE R E pT] (prJ —|—e) (25)
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The dispersion, normalized weights, and group score are then

d¥ =1- ¢, (26)
d(g)
’LU§(]) - Z ]d(g)7 (27)
k7k
S8 =" wlWBY. (28)
J

We then stack and normalize the three group scores:

g =[S, 872,877 (29)
~ g
Grg = — (30)
\/ Zr’ gr2’g + €
TOPSIS on group scores
Define the ideal best and ideal worst in the normalized group space as
v = max gy, (31)
v, = ming,. (32)

The separation measures and closeness coefficient are

St= 3 (Gre — ), (33)

g

_ ~ —\2
Sr = Z (grg — Vg ) ) (34>
g
CCp = —"  co,1] (35)
TSt S T

We use CC, as the scenario-specific composite score S; y and rank r within each
envelope.

Policy-consistent fized group weights for diagnostics
To complement data-driven entropy weights, we also report a policy-motivated fixed
triad

wi* = (Wi, wi* wi*) = (0.70, 0.20, 0.10), (36)
selected a priori to mirror planning priorities: peak-hour reliability and congestion
risks dominate reinforcement needs and scarcity costs; off-peak side effects warrant
penalties but should not outweigh peak risk; and a modest all-hour guardrail supports
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year-round operational robustness. As a sensitivity diagnostic, not used for ranking,
we form the weighted sum

3
Sfx = ngxgrga (37)
=1

and assess shortlist stability against the entropy-based CC, and a uniform
(1/3,1/3,1/3) benchmark, for example through Spearman rank correlation and top-k
overlap. The primary rankings and shortlists are always based on CC,..

Extensibility to additional criteria

The entropy-weighted TOPSIS framework is explicitly modular. While this study
focuses on power-system metrics, the decision matrix can be extended to M groups
without altering the core ranking algorithm. New criteria columns can be appended to
the decision matrix, and the entropy method automatically recalibrates weights based
on the information content of these new factors, ensuring that the scoring remains
data-driven even as the number of criteria increases.

Algorithmic workflow

Box 1 — Reliability-gated, flexibility-aware siting and ranking

Inputs: network (N, £, G), candidates Z, envelopes F, contingency set C, load and
generation data, thresholds (7pr,e,), time sets (Tyr, Tday), and top-k.

1. Define the within-day mapping 7(¢) = 1+ ((t — 1) mod 24) for t € Ty,.
2. Define Tpeakyr = {t € Tyr : T(t) € Tpeax } and the windows Wan = Ty,
Won = Jpeak,yr; and Woﬁ' = 7;/r \ 7;)cak,yr~
3. For each i € Z and f € F:
(a) Solve DC-OPF for all (¢,¢) € Tyr x C with injection d(r@) at bus 1.
(b) Compute PR ¢.
4. Set Q + {(Z,f) el xXF: PRZ‘J > TPR}-
5. For each (i, f) € Q:
(a) Build D, (i, f) for t € Ty
(b) Run SCUC and SCED to obtain {A\7, uf/* e,
(c) Compute the Stage 2 metrics over W € {Wan, Won, Wt }-

6. Group the metrics into G, Go, and Gs.
7. Apply inverted min—max scaling to obtain Bg).
8. Compute entropy weights w](fq ) and normalized group SCores Grg.
9. Apply TOPSIS across groups to obtain CC, € [0, 1].
10. Set Si7f — CCT
11. For each f € F, rank {(4, f) € Q} by S; ¢ in descending order and release the

top-k shortlist.
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Quantifying interconnection-time savings

Definitions
We distinguish Phase 1 time to first energization, Tt.st and Teony, from total timelines

that include local works, such as an onsite substation and related works, denoted by

TEot and Tt . Our primary savings metric is

AT = Tconv - Tfast~ (38)
Figure 1 also overlays conservative total timelines.

FEvidence ranges and point estimates

Policy and industry sources indicate Tcony € [5,8] years for large loads requiring
major reinforcements, whereas planner-initiated, reliability-gated paths with operating
envelopes show Ti,st € [1.0,1.5] years to first energization [12-14, 22, 23, 27, 31, 33].
A conservative estimate uses the lower bound for T,y and the upper bound for Tk, :

ATeons = 5 — 1.5 = 3.5 years. (39)
Fixing Teony = 5 years and varying Tt.q across its full range yields
AT € [3.5, 4.0] years, (40)

which is the range reported in the Abstract. A typical midpoint estimate, 6.5 versus
1.25 years, gives
ATy =~ 5.25 years. (41)

Endpoint combinations give
AT € [3.5, 7.0] years. (42)

We interpret time to power as first meaningful energization in Phase 1, with staged
caps consistent with the agreed envelope.

Clarification on physical versus procedural savings

It is important to clarify that the claimed reduction in T.st does not stem from ignoring
physical construction timelines, but rather from an avoidance strategy enabled by
flexibility. The Stage 1 reliability gate explicitly filters for locations where the existing
grid topology, augmented by the agreed operating envelope, can accommodate the new
load without violating security limits. By restricting the fast-track path specifically
to these pre-validated, upgrade-free nodes, the framework allows projects to bypass
the multi-year transmission-reinforcement phase that drives the 5-8 year duration of
the conventional pathway. Thus, the savings reflect both procedural efficiency and the
elimination of major physical works.
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Reproducibility

Our computational pipeline is fully reproducible end to end. Stage 1 produces the
qualified set Q; Stage 2 yields the hourly logs from which all market-impact metrics
are computed; and Stage 3 applies the entropy-weighted TOPSIS procedure to obtain
scenario-specific scores S r.

Policy and process durations Tcony and Tr.g are treated as exogenous, drawn
from cited procedural sources; AT is then a deterministic function of these inputs.
We report the same symbols in Figure 1 for notational consistency and provide doc-
ument references to enable audit of the timing assumptions rather than numerical
recomputation.

Data Availability

All data supporting the findings are provided with the paper and its Supplementary
Information. The dataset used in this study is archived at Zenodo (10.5281/zen-
0d0.17144790). Source data are provided with this paper.

Code availability

The code used in this study is available alongside the dataset at the same Zen-
odo record (10.5281/zenodo.17144790). This archive includes a short execution video
demonstrating end-to-end runs.
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Tables

Table 1: System-wide absolute metrics by flexibility mode at 1 GW (median [IQR]
across qualified buses). Ngm /pause/shite = 193/226/210.

Time window Metric Firm Pause Shift

All hours
Mean LMP [$/MWh]  24.29 [0.05] 24.30 [0.04] 24.31 [0.08]
LMP P95-P5 [$/MWh]  2.14 [0.16] 2.14 [0.19]  2.19 [0.18]
LMP std [$/MWh] 2.10 [0.05]  2.10 [0.06] 2.11 [0.07]
Binding hours [h] 112 [4] 113 [5] 113 [5]
Congestion rent [$M/day] 0.59 [0.03] 0.59 [0.04] 0.61 [0.05]

On-peak (16-19)
Mean LMP [$/MWh]  25.96 [0.11] 25.97 [0.10] 25.85 [0.13]
LMP P95-P5 [$/MWh]  2.95 [0.29] 2.94 [0.35]  2.90 [0.63]
LMP std [$/MWh] 2.13 [0.09]  2.09 [0.08]  2.10 [0.07]
Binding hours [h] 16 [1] 17 [1] 16 [1]
Congestion rent [$M/day] 0.15 [0.01] 0.15 [0.01]  0.15 [0.02]

Off-peak (others)
Mean LMP [$/MWh]  23.96 [0.04] 23.97 [0.03] 23.99 [0.07]
LMP P95-P5 [$/MWh]  2.01 [0.17]  2.01 [0.20]  2.08 [0.23]
LMP std [$/MWh] 2.10 [0.06]  2.10 [0.06] 2.11 [0.07]
Binding hours [h] 96 [3] 96 [5] 97 [5]
Congestion rent [$M/day] 0.45 [0.02] 0.45 [0.03]  0.46 [0.05]

Table 2: System-wide absolute metrics by flexibility mode at 2 GW (median [IQR]
across qualified buses). Ngm /pause/shite = 57/68/69.

Time window Metric Firm Pause Shift

All hours
Mean LMP [$/MWh]  24.32 [0.05] 24.32 [0.08] 24.32 [0.08]
LMP P95-P5 [$/MWh]  2.22 [0.37] 2.25[0.34]  2.22 [0.53]
LMP std [$/MWh] 2.12 [0.13]  2.11 [0.11]  2.11 [0.15]
Binding hours [h] 113 [9) 115 [12] 115 [13]
Congestion rent [$M/day] 0.62 [0.07] 0.62 [0.13] 0.63 [0.17]

On-peak (16-19)
Mean LMP [$§/MWh]  25.96 [0.18] 25.92 [0.12] 25.88 [0.19]
LMP P95-P5 [$/MWh]  2.94 [0.35] 2.92 [0.55] 2.84 [0.52]
LMP std [$/MWh] 2.08 [0.13]  2.07 [0.10]  2.06 [0.12]
Binding hours [h] 16 [2] 16 [2] 16 [2]
Congestion rent [$M/day] 0.15 [0.01] 0.15 [0.01]  0.14 [0.02]

Off-peak (others)
Mean LMP [$/MWh]  23.98 [0.08] 24.00 [0.06] 24.01 [0.07]
LMP P95 P5 [$/MWh]  2.09 [0.46] 2.13 [0.53] 2.12 [0.67]
LMP std [$/MWh] 2.11 [0.14]  2.13 [0.11]  2.12 [0.12]
Binding hours [h] 97 [7] 99 [10] 99 [11]
Congestion rent [$M/day] 0.47 [0.07] 0.48 [0.11]  0.48 [0.15]
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Table 3: Comparison between a naive historical LMP-based
siting heuristic and the proposed framework (1GW). The
naive shortlist consists of the 20 buses with the lowest annual
mean LMP in the base case with no data-center load and is
geographically concentrated primarily across FW, N, and S
zones. Under the naive heuristic, 0/20 sites pass the Stage 1
reliability gate. The proposed shortlists report the top-20
ranked sites under each operating envelope.

Naive Proposed framework (top-20)
Bus (Zone)* Firm (1 GW) Shift (1GW) Pause (1GW)
89 (FW) 320 637 357
140 (N) 357 1672 320
152 (N) 188 320 188
153 (N) 103 1539 103
55 (FW) 1481 1750 302
101 (N) 1831 1456 1713
3 (FW) 1690 1579 1815
22 (FW) 1999 1446 1464
23 (FW) 1837 1163 1481
182 (N) 1126 1713 1113
170 (N) 1809 1686 1775
28 (FW) 1613 1690 1579
545 (S) 1592 1238 1467
546 (S) 1660 1720 1837
547 (S) 1973 1729 1999
126 (N) 1343 357 1152
499 (S) 1089 1491 1660
139 (N) 1491 188 1672
157 (N) 1713 1448 1613
500 (S) 1775 1464 1539

*Zone abbreviations: FW = Far West, N = North, S = South.

Table 4: Sensitivity to flexibility depth («) under Shift mode (1 GW).

N denotes the Stage 2 qualified set size |Q§(2)\. While N increases
monotonically, the composite score peaks at o = 0.40, illustrating
diminishing returns as shifting depth increases.

Metric (All-hours) o = 0.05 a = 0.20 o = 0.40 a = 0.60
Qualified Sites (V) 188 210 239 253
Mean LMP [$/MWHh] 24.31 [0.06] 24.31 [0.08] 24.33 [0.09] 24.29 [0.06]
LMP P95-P5 [$/MWh] 2.96 [0.43]  2.90 [0.63]  2.87 [0.57]  2.79 [0.66]
Binding hours [h] 113 [6] 113 [5] 113 [4] 112 [5]
Congestion rent [$M/day] 0.61 [0.05] 0.61 [0.05] 0.60 [0.06] 0.60 [0.06]
Composite Score (CC; ) 0.637 0.669 0.774 0.726
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Figure Captions

Figure 1. Planner-initiated screening-to-certification workflow with indicative time-
lines. Starting from a common grid model and data, planners apply a three-
stage pipeline comprising Stage 1 reliability gating, Stage 2 price-congestion and
operational-feasibility quantification, and Stage 3 scoring and ranking. This process
produces (i) a pre-certified ranked catalogue of feasible locations and (ii) site-specific
pre-agreed operating envelopes specifying maximum demand, ramp bounds, and
optional pause or shift commitments. A-D denote example developer applications
selected from the planner-provided ranked catalogue and submitted under certified
operating envelopes. Once the selected envelope is accepted and contractually signed,
projects may proceed through a fast-track pathway, supporting earlier first energiza-
tion, indicated by the lightning icon, on the order of 12-18 months. For comparison,
the conventional project-led pathway begins with unvetted requests under a first-come,
first-served process. E-H denote example interconnection requests submitted without
prior certification, in which developers independently choose locations and operating
modes outside the ranked catalogue and certified envelopes. This pathway typically
leads to energization on the order of 5-8 years when substantial new supply and trans-
mission are required [12, 27]. Here, PR; , Tpr and S; ; denote the reliability-screening
metric, screening threshold and ranking score, respectively; Ngpi ¢, Nrirm and Npgyse
denote candidate sets under shift, firm and pause operating envelopes; and T4, and
T.onv denote indicative times to energization for the planner-initiated and conventional
pathways, respectively. Durations are illustrative and jurisdiction-dependent.

Figure 2. Stage 1: Reliability pre-screening. Qualified counts by size and envelope
(tpr = 0.95). The heat map (1 GW example) shows PR, ; by bus; yellow indicates
higher pass rates. Under the baseline envelopes, flexible operation (pause and shift)
expands the feasible set relative to firm. Source data are provided as a Source Data
file.

Figure 3. Top-k (k = 20) locations for 1 GW under Base, Pause, and Shift. Amber
circles denote the top-k shortlist; blue circles denote other qualified locations; gray
lines show the transmission network.

Figure 4. Top-k (k = 20) locations for 2 GW under Base, Pause, and Shift. Amber
circles denote the top-k shortlist; blue circles denote other qualified locations; gray
lines show the transmission network.
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