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Abstract—This letter uses sparse matrix statistics to highlight
a structural gap between North American grid models and the
synthetic cases commonly used in research. North American grids
exhibit area-based modularity, characterized by dense intra-area
links and limited inter-area connectivity. By contrast, synthetic
grids often over-mesh across areas. Analysis shows that these
surplus tie lines increase fills in the Jacobian factorization, which
reduces realism and computational efficiency. The observations
confirm that inter-area connectivity influences sparse matrix
behavior. This work emphasizes the importance of incorporating
modular structure into synthetic grid design.

Index Terms—TFills, grid topology, large-scale electric grids,
power system modeling, sparse matrices, spatially embedded
synthetic power grid models.

I. INTRODUCTION

The structural properties of electric power grids are central
to accurate modeling, scalable computation, and realistic simu-
lation. As grids grow more complex with renewable integration
and inter-regional coordination, the need for realistic large-
scale models has become critical. Such models support re-
search and education [1], and their value depends on reproduc-
ing the structural features of the actual transmission networks.
A key feature is the non-uniform sparsity of grid topology,
shaped by historical and operational factors. In North Amer-
ica, transmission systems developed as independent operating
areas, densely interconnected internally yet joined by relatively
few tie lines [2]. These ties enable inter-area transfers but are
lightly loaded under normal conditions, leading to strong intra-
area and comparatively weak inter-area connectivity. In this
letter, this property is referred to as area-based modularity.

Despite its significance, area-based modularity has not been
explicitly incorporated into the construction or validation of
spatially embedded transmission network models. Using topol-
ogy, sparse matrix statistics, and comparisons with synthetic
cases, this letter shows that the actual grids consistently exhibit
denser intra-area than inter-area connectivity. In terms of
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sparse matrix statistics, this structure reduces fill-in, shortens
factorization paths, and improves computational efficiency,
whereas synthetic grids lack area-based modularity, diverging
in both structural and numerical behavior. Establishing area-
based modularity as a fundamental property provides a path
to building more realistic, tractable, and practically relevant
spatially embedded synthetic grid models for research.

II. EVIDENCE FOR AREA-BASED MODULARITY IN
ELECTRIC GRIDS

Area-based modularity is the structural property that grids
exhibit higher intra-area connectivity than inter-area con-
nectivity. In this context, an area denotes an operationally
defined region of the transmission system, such as a balancing
authority, control area, planning zone, or a similarly designated
operational footprint used in real-world grid operation and
planning. These areas are externally defined and are not
inferred algorithmically from network topology. Instead, they
reflect long-standing organizational, regulatory, and opera-
tional boundaries in transmission system management.

Within a given operating area, substations are typically
interconnected through relatively dense local transmission
infrastructure to support regional power balancing, voltage
control, and reliability requirements. In contrast, connections
between different operating areas are limited in number and
are realized through a small set of inter-area tie lines de-
signed primarily for bulk power exchange and contingency
support. This organization reflects historical development and
operational practice, where local balancing is prioritized before
long-distance transfers.

Although recognized in practice, area-based modularity
(previously termed area sparsity [3]) has not been validated as
a quantitative network feature. To provide such validation, the
metrics introduced in [3] were applied to both North American
and synthetic grid models [4]. These metrics quantify how
frequently substations separated by a geographic distance x
are directly connected by transmission lines. The resulting
function, denoted S,(z), can be interpreted as a distance-
dependent connection density (Eq. 1), measuring the fraction
of all substation pairs at distance x that are electrically
connected.

This notion is further decomposed according to operating
area membership. The intra-area metric Si,,a(2) measures the
connection density between substations belonging to the same
operating area, while the inter-area metric Sinter () measures
the corresponding density for substations in different operating



areas. Large separations between Sinera () and Sipger () indi-
cate strong area-based modularity, reflecting a predominance
of local, within-area connectivity over long-distance inter-area
ties.

The metrics are defined as
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Results for EI and WECC show that Sia(2) consistently
exceeds Sipter (), confirming dominant intra-area connectivity
in North American grids. Synthetic grids lack this separa-
tion, with Sinter () often approaching or exceeding Singra (),
indicating unrealistically dense inter-area ties. As shown in
Fig. 1, intra-area connectivity (red) dominates in North Amer-
ican grids, whereas synthetic grids exhibit elevated inter-
area connectivity (blue). This establishes area-based modu-
larity as a measurable transmission grid property and shows
that synthetic models do not reproduce it without area-level
constraints. Because these connectivity patterns determine
Jacobian sparsity, the resulting structural differences directly
affect numerical performance, as examined next using sparse
matrix statistics.

III. SPARSE MATRIX STATISTICS

In steady-state power system analysis, the operating point
is obtained by solving the nonlinear power balance equations
f(z) = 0, where z = [0,V] contains bus voltage angles
and magnitudes [5], [6]. The Newton—Raphson (NR) method
linearizes these equations as J(x*)Axz* = —f(z¥), where
J = 0f/0z is the Jacobian. Because transmission networks
are sparsely connected, J is also sparse, and this structure can
be exploited to reduce factorization cost [7].

Sparse matrix statistics provide insight into structural prop-
erties [8]. The number of nonzeros, nnz(J), captures direct
electrical couplings; modular networks with dense intra-area
and limited inter-area connections yield smaller values. The
fill-ins, nnz(L 4 U) —nnz(J), measure the additional nonzeros
introduced during factorization, which grow with surplus inter-
area ties (shown with an example matrix in Fig. 2). Finally, the
factorization path length, given by the maximum depth of the
elimination tree of J, reflects the number of forward—backward
substitution steps; area-sparse networks produce shorter paths
by limiting long-range dependencies.

The work done in [9] quantified how computational effort
in power system analysis scales with system size, showing that
the number of nonzeros (fills) grows approximately as n'-2,
leading to factorization and repeat-solution costs that scale as
n'# and n'2, respectively. Building on this, [8] extended the
analysis to real-world and synthetic grids with up to 110,000
buses, empirically finding that fills grow as n'-°7, factorization
time as n!3%, and forward/backward substitution as n!17,
thereby confirming and refining the scaling behavior of sparse
matrix computational complexity in large-scale power systems.

Algorithm 1 Synthetic Grid Modification

1: for each transmission voltage level v do

2:  Extract the subgraph.

3:  Rank inter-area candidate lines by geographic length
and PTDF sensitivity.

while Si(;:gr(;c) > Si(;:r)a(x) for any distance bin x do

5: Tentatively remove the selected inter-area candidate
line at voltage level v

6: if network connectivity at voltage level v is violated
then

7: Restore the removed line and mark it as non-

removable.

8: end if

9:  end while

10: end for

11: Output: Modified synthetic grid with enforced area-based
modularity across voltage levels.

To evaluate the hypothesis in this work, sparse matrix
statistics were computed for cases in EI and WECC, as well as
for their synthetic counterparts developed using work done in
[4], [10]. Each case was solved from a flat start, the Jacobian
at the base operating point was extracted, and factorization
with sparsity-preserving ordering was applied to obtain fill-in
and path statistics, summarized in Table I. Existing synthetic
grid models were modified to reduce inter-area lines using
Algorithm 1. The code used is available at [11].

Area-based modularity affects the behavior of sparse matri-
ces by shaping the Jacobian sparsity pattern. Dense intra-area
connectivity forms a block-diagonal structure, whereas excess
inter-area ties introduce long-range couplings that increase the
number of nonzeros, fill-ins, and factorization path length. As a
result, variations in Sipya(z) and Siner () are directly reflected
in nnz, fill-ins, and factorization statistics.

The comparisons reveal that North American grids consis-
tently produce fewer fill-ins and shorter factorization paths
than unmodified synthetic grids of similar size and connec-
tivity. For example, at 70,000 buses North American grid
models yield 201,520 fills and a longest path of 253, whereas
unmodified synthetic grids produce 376,438 fills and a path of
624. Modifying the existing synthetic grid models, by reducing
inter-area tie lines, reduces synthetic statistics to 210,690 fills
and a path of 372, much closer to North American grids. At
80,000 buses, modified models record 245,966 fills compared
to 262,256 in actual grids, while unmodified models reach
424,988. These reductions confirm the computational benefits
and realism of enforcing area-based modularity.

Figs. 4 and 3 illustrate this effect. The unmodified synthetic
Jacobian shows widespread fill-ins, while the modified version
reveals localized, block-like regions aligned with intra-area
groupings. Scaling analysis further emphasizes the difference:
actual grids follow sublinear growth of approximately n°-%9
(black), modified synthetic grids track even closer at n0-%
(red), and unmodified synthetic grids grow faster at n'-'6



Eastern Interconnect (EI) Western Interconnect (WECC)

N
o
o

2 2

] 08 I Intra ] 08 I Intra
.§ : I Inter .§ : I Inter
= 06 = 06

el el

3 04 3 04

3 3

@ 0.2 © 0.2

g, LLIT 8. LLIT
< 00 < 00

115kV  138kV  160kV 230kV 345kV
Network by Voltage level

(@)

115kV  138kV  160kV 230kV 345kV
Network by Voltage level

(b

Synthetic 24k Grid on the footprint of El Synthetic 10k (on footprint of WECC)

= 2

] 08 I Intra G 08 I Intra
.§ : I Inter 'z . I Inter
= 06 S 06

o ©

3 04 3 04

3 8

@ 0.2 © 0.2

s, LLIT 2. LLIT
< 00 < 00

115kV  138kV  160kV 230kV 345kV
Network by Voltage level

©

115kV  138kV 160kV 230kV 345kV
Network by Voltage level

(@)

Fig. 1: Area-based modularity across real and synthetic North American transmission networks, resolved by voltage level. Panels
(a) and (b) report results for EI and WECC, while panels (c) and (d) show corresponding synthetic grid models constructed
on the EI and WECC geographic footprints. Box plots summarize the distribution of the modularity metric evaluated across
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Fig. 2: Ilustration of fill-in generated during LU factorization.
Panels (a)-(b) show the matrix sparsity pattern and corre-
sponding factorization for a base case, where limited fill entries
appear (marked with x). Panels (c)—(d) show the effect of
adding one inter-area tie line producing 16 fill entries. Blue

squares denote original nonzero entries; black crosses denote
fill-in.
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Fig. 3: Comparison of fill-ins after sparse LU factorization

for North American grid models, existing synthetic grids, and
modified synthetic grids across increasing system sizes.

(blue). This contrast highlights how redundant inter-area ties
inflate structural complexity and confirms that area-based
modularity has measurable consequences for power system
computation. While reducing inter-area connectivity improves
structural realism and numerical behavior, such modifications
entail trade-offs regarding transfer capability, congestion, and
security, and should not be interpreted as an operational
recommendation.
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Fig. 4: Number of fill-ins after sparse LU factorization as a
function of system size for North American, existing synthetic,
and modified synthetic grid models.

IV. IMPLICATIONS FOR POWER GRID MODELING

The findings of this study highlight important implications
for synthetic grid modeling. Area-based modularity indicates
that regional clustering and limited inter-area connectivity are
fundamental features of North American grids. Building on
this observation, two implications emerge. First, validation
should extend beyond nodal degrees, impedance ranges, and
geographic placement. While existing graph-theoretic and
spectral metrics capture important aspects of network structure
[10], they do not explicitly encode predefined operating area
boundaries or the geographically constrained nature of inter-
area transmission planning. Metrics that capture intra-area
clustering and inter-area modularity are therefore necessary
to ensure structural fidelity.

Second, the absence of modularity permits excessive tie-
line transfers. Standard network modularity or community-
detection-based measures may identify statistically dense sub-
graphs, but the resulting partitions do not necessarily corre-
spond to operational areas such as control regions, utilities, or
balancing authorities. This weakens the credibility of studies
on congestion, markets, and stability that depend on realistic



TABLE 1
Comparison of sparse matrix statistics in the North American grid models and the synthetic grid models on the same

footprint.
North American Grid Models Existing Synthetic Grid Models Modified Synthetic Grid Models

No. of | nonzeros fills Ave longest | nonzeros fills Ave longest | nonzeros fills Ave longest
buses FP FP FP FP FP FP

500 1,782 340 22 33 1,802 1,166 22 40 1,320 384 16.7 28
2,000 8,180 3,504 33 55 7,334 13,504 84 114 7,106 9,590 75.4 114
4,000 11,839 5,990 36 54 14,020 8,782 56 95 14,011 8,490 53.4 87
7,000 27,773 22,674 94 146 22,471 12,134 58 83 23,804 32,064 110.1 182
23,000 80,710 36,046 75 112 86,865 174,602 211 360 85,648 121,150  139.3 218
70,000 | 227,933 201,520 172 253 238,932 376,438 312 624 233966 210,690 188 372
80,000 | 311,438 262,256 205 302 284,552 424988 281 624 278,605 245,966 171 372

flow patterns. By explicitly linking area-level structure to
sparse matrix behavior, area-based modularity complements
existing validation metrics rather than replacing them. Taken
together, these insights suggest that area structure should be
embedded into synthetic grid creation from the outset.

V. CONCLUSION AND FUTURE WORK

This letter demonstrates that area-based modularity is a
measurable structural property of transmission networks. In-
corporating area-based modularity as a validation criterion im-
proves both the structural realism and computational efficiency
of synthetic grids. Future work will focus on constructing
new synthetic grid models that explicitly enforce area-based
modularity and on studying how this structure influences
the propagation of cascading failures in large-scale power
systems.
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