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Netload Range Cost Curves for Coordinated
Transmission-Distribution Planning Under
DER Growth Uncertainty

Yujia Li"¥, Member, IEEE, Samuel Cérdova

and Miguel Heleno

Abstract—The increasing penetration of distributed energy re-
sources (DERs) requires better coordination between transmission
and distribution (T &D) planning to ensure system security and cost
efficiency. However, misaligned planning horizons, computational
burdens, and privacy concerns hinder effective coordination, lead-
ing to either underutilized resources caused by overinvestments or
reliability risks due to underinvestment. To address this challenge,
we introduce netload range cost curves (NRCCs), a novel approach
for managing long-term DER growth uncertainty through T&D co-
ordination, while preserving existing data-sharing and regulatory
structures. NRCCs provide pairs of (i) peak substation netload
guarantees and (ii) corresponding distribution upgrade options
and costs, enabling their seamless integration into transmission
planning workflows. To compute NRCCs efficiently, we develop
a transmission-aware distribution network planning (TADNP),
which is subsequently integrated to an iterative computation pro-
cedure. These NRCCs are then embedded into an NRCC-informed
transmission planning model to enable resource-efficient coordi-
nation. We illustrate our proposed approach with a case study
based on realistic distribution and transmission systems in the San
Francisco Bay Area, California. Our results indicate the possibility
of dramatic savings in transmission investments by incorporating
the proposed NRCC-integrated T&D coordination framework.

Index Terms—Distributed energy resources (DERs), long-term
uncertainty, netload range cost curve (NRCCs), transmission and
distribution coordination.

NOMENCLATURE
Indices
k Index of NRCC options.
(m,n) Index of directed distribution line from DN
node m to n.
d/t Index of representative days/time periods.
n Index of distribution nodes.
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r Index of candidate line upgrade options.
S Index of scenarios.

1 Index of transmission nodes.

Sets

K Set of NRCC options.

D/T Set of representative days/time periods.
L Set of lines.

Le Set of candidate lines for reinforcement.
LFH Set of feeder heads.

LVR Set of candidate voltage regulators.

N Set of distribution nodes.

NEB Set of candidate storages.

Nsub Set of substations.

NN Set of transmission nodes.

) Set of scenarios.

or Set of line upgrade options.

Constant parameters

—L,fized . . .

Sm Capacity of line (m,n) not candidate for
reinforcement.

D0 Baseline demand at transmission bus 4.

ASFH Potential upgrade capacity for feeder head
(m,n).

n /nd Charging/discharging efficiency of storage

St t,d -

P; ° i ’ Unit power charging/discharging capacity
of storage n.

—FH, fixed .. .

S e Initial capacity of feeder head transformer
(m,n).

0 Reactive  contribution  capacity  of

. storage n.

use /ot Minimum/maximum squared voltage.

pmin / ymax Minimum/maximum turns ratio of voltage
regulator (m, n).

C! Imbalance cost.

Chinr Unit cost to upgrade line (m,n) for the
option 7.

Csr Annualized investment cost to install stor-
age n.

CVR Annualized investment cost to upgrade

line segment (m, n) with a voltage regula-
tor.
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Annualized investment cost to upgrade the
feeder head transformer (m, n).
Active/reactive power load at bus n

Ronr/ Xonn.r Resistance/Reactance associated with up-
grade option r of segment (m,n).

Tst Duration of the storage n.

uret Reference feeder voltage.

wq Weight of the representative day d.

cap, Reinforced capacity of line (m,n) under
the option 7.

prob, Probability of scenario s.

ATy Capital cost of NRCC service.

ro Least-cost feasible budget derived from
the scenario-based least-cost model.

AP /AR Expected peak direct/reverse substation

Decision Variables

netloads from the deterministic least-cost
model.

joad,t Realized demand after NRCC service im-
plementation.
NRCC,f . . S
Tp Binary variable indicating the purchase of
NRCC service k.
e e State of charge of storage n.

I+ I,—
pmd,t,s/pn,d,t,s

Active power surplus/deficit at bus n.

L L . .
Prndit.s/ Gon.des Activelreactive  power flow  through
(m,n).
sub sub : :
Did.t s / odt.s Active/reactive power from the upstream

I+ I—
qn,d,t,s/qn,d,t,s

substation n.
Reactive power surplus/deficit at bus n.

ufgg’f;?isd Auxiliary variable related 0 the squared
voltage of node n considering a voltage
regulator.

s Squared voltage at node n.

abH VIR Binary variable indicating the upgrade of
feeder head (m,n).

Ty Binary variable indicating a distribu-
tion line (m,n) is reinforced with the
option r.

st Continuous variable indicating the in-
stalled capacity of storage n.

AP /)R Peak direct and reverse substation netloads

st,d

st,c /
pmd,t,s pn,d,ts
t

among all considered scenarios.
Charging/discharging power of storage n.

Todts Reactive power of storage n.
=L . .
Sn Capacity of asset (m, n) after decision on

potential reinforcement.

I. INTRODUCTION

HE power industry is undergoing a transformative shift
toward sustainable electricity production, partially driven

by the increasing penetration of distributed energy resources
(DERs) indistribution networks. This shift challenges traditional
planning frameworks which were designed for more centralized,
predictable power systems [1]. Among these challenges, the

increasing integration of behind-the-meter renewable energy
sources (RESs), such as rooftop photovoltaics (RPVs), stands
out due to their inherent variability and uncertain future adoption
growth trajectories. These characteristics complicate long-term
planning, in which decisions must account for a wide range
of possible future scenarios [2]. In this context, distribution
system operators (DSOs) are increasingly expected to assume a
more proactive role in managing RES uncertainty and leveraging
the controllable DERs, such as battery energy storage sys-
tems (BESSs). Moreover, proactive DSO management extends
beyond the distribution network. DSOs have the potential to
significantly influence the planning and operational decisions of
upstream transmission system operators (TSOs) and to support
deferring costly infrastructure investments. This represents a
massive opportunity to achieve critical investment savings and
can be accomplished by enabling a tighter coordination between
TSOs and DSOs in both the short and long run.

Traditionally, planning decisions for transmission and distri-
bution systems are optimized separately, and, from the trans-
mission side’s point of view, distribution systems are simply
regarded as fixed load profiles. However, resources connected to
the distribution grid already sell energy into wholesale markets
and provide services to support grid management [3]. Currently,
the technical literature mostly highlights the roles that DSOs can
play to facilitate the TSOs in the short to mid-term operational
contexts. For instance, a hierarchical coordination scheme is
proposed in [4] to assist DSOs for participating in the European
energy balancing markets. In addition, the authors in [5] present
a two-stage transmission and distribution (T&D) coordination
considering day-ahead and real-time congestion management.
Moreover, frequency regulation [6], voltage support [7], and
participation in the reserve market [8] are also studied in relevant
works. Furthermore, the EPRI-facilitated working group identi-
fies information, control and monitoring interactions to address
the needs for T&D coordination [9]. The CoordiNet project,
funded by the EU’s Horizon 2020 projects [10], established
various TSO-DSO-consumer coordination schemes to enable
short-term flexibility market participation for customers and
small market players.

Despite the great deal of aforementioned research dedicated to
propose T&D models and market schemes to harness operational
flexibility [4], [5], [6], [7], [8], [9], [10], T&D coordinated
investment planning process have not been fully addressed and,
in practice, still suffer from limited data exchange and often
misaligned planning cycles. As a matter of fact, there is no ex-
isting mechanisms currently in place to incentivize distribution
utilities to reduce their peak netloads at a planning stage [11],
despite this being a key concern for TSOs, as it directly impacts
transmission-side investments. The absence of such incentives
results in suboptimal investment decisions, as transmission
planners cannot adjust their reinforcement strategies based on
flexible substation-level netload management that DSOs could
have implemented. Specifically, T&D coordination in planning
faces several critical challenges: (1) managing the long-term
growth uncertainty of behind-the-meter RESs during resource
investment; (2) designing products and services compatible with
current regulatory frameworks; (3) ensuring the replicability of
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proposed coordination methodology; and (4) attracting resource
investments from utilities and stakeholders.

A few relevant works take into account long-term DER growth
uncertainty in distribution grid planning models [12], [13], [14],
but they do not account for the potential savings that can be
achieved through T&D planning coordination. For instance,
worst-case peak netload scenarios in distribution systems can
propagate upstream, resulting in overly conservative and costly
transmission planning investments [15]. While we concentrate
on worst-case netload scenarios to focus on investments that
ensure operational feasibility, we acknowledge that system re-
liability (against outages) may also be improved by proactively
deploying local resources in the distribution network [16] [17].
For example, instead of large transmission upgrades, targeted
placement of BESS and other DSO-managed assets may be able
to meet adequacy and reliability needs at a lower cost. The lack
of coordination between T&D planning thus leads to resource
duplication and inefficient investment strategies. This issue is
further exacerbated by the increasing netload uncertainty at the
long-term planning stage, driven by the stochastic nature of DER
adoption and integration by end-users.

Centralized and decentralized frameworks have been pro-
posed as attempts to address the regulation and computational
aspects of T&D coordination. Centralized approaches, on the
one hand, require TSOs to aggregate all grid parameters and data
to solve acomprehensive, large-scale optimization problem [18].
While these methods can theoretically yield globally optimal
solutions, they are often impractical due to conflicts with the
independent planning workflows of TSOs and DSOs, as well
as regulatory restrictions on data sharing. Decentralized frame-
works, on the other hand, aim to overcome these limitations
by decomposing the problem into smaller, more manageable
subproblems. Techniques such as distributed optimization [19],
[20], and game theory-based methods [21] would allow TSOs
and DSOs to iteratively solve their respective optimization prob-
lems, coordinating through shared variables through boundary
bus constraints. However, while decentralized methods can re-
duce the need for centralized data aggregation, they still require
access to commercially sensitive and proprietary data, therefore
challenging the current low levels of data exchange and the
lack of standardized protocols between planning entities [22].
Moreover, decentralized methods often struggle with conver-
gence issues, particularly when applied to solve mixed-integer
programming problems at large scales, thereby limiting their
practical applicability [23].

Furthermore, centralized and decentralized methods proposed
so far lack a well-defined incentive mechanism to promote col-
laboration between T&D entities while preserving their indepen-
dence in the planning process. For instance, the high investment
cost of distributed BESSs could be better justified if their value
in deferring or avoiding more cost-intensive transmission infras-
tructure investments were explicitly quantified [24]. Recently,
the concept of flexibility-vs-cost curves has gained considerable
attention [25], [26], [27]. These curves effectively represent the
aggregate flexibility available on the distribution side as seen by
the transmission side, facilitating direct and secure interaction
between TSOs and DSOs. By providing explicit values for

various levels of flexibility, this approach offers a practical tool
for managing the short-term variability of RESs. However, its
use has so far been confined to operational contexts, leaving the
impact of long-term RES growth uncertainty on the substation
netload level in the planning stage largely untapped.

To bridge these gaps, we propose a novel methodology for
distribution system planning that explicitly accounts for DER
growth uncertainty while providing various options for transmis-
sion system planners. These options, presented as netload range
cost curves (NRCCs), describe substation peak netload condi-
tions achieved through various possible distribution investment
plans. The contributions are threefold:

1) Based on a transmission-aware distribution network plan-

ning (TADNP) model, we propose the concept of NRCC,
a simple and compact representation of distribution-side
planning flexibility to be offered to the transmission. The
NRCCs provide a “menu” of distribution system invest-
ment plans, each associated with specific long-term net-
loads and associated investment costs. NRCCs effectively
manage uncertainty in long-term DER growth while being
amenable to be seamlessly integrated within the planning
workflow of TSOs.

2) By leveraging NRCCs computed by DSOs, we introduce
the NRCC-informed transmission planning model that
enables effective T&D coordination. In this way, the in-
dependence of transmission and distribution planning is
preserved, which makes NRCCs compatible with existing
regulatory frameworks and planning practices.

3) We demonstrate that our proposed NRCC framework
can lead to millions of dollars in savings related to
avoided transmission reinforcements. These savings can
potentially translate directly into an actionable, market-
compatible incentive for distribution utilities to invest in
non-wires alternatives (NWAs) such as BESS installa-
tions. We quantify these benefits via thorough experiments
utilizing realistic transmission-distribution networks lo-
cated in the San Francisco Bay Area.

The rest of the paper is organized as follows: Section II
describes the NRCC-integrated T&D coordination architecture
and compact planning models for NRCC calculation and utiliza-
tion. Section III presents the detailed mathematical formulation
and solution process for the planning model. Numerical results
are presented and analyzed in Section IV. Section V concludes
the paper.

II. NRCC AND THE T&D COORDINATED PLANNING PROCESS:
CONCEPT AND MODELS

In this section, we present the concept of NRCC and its use
in T&D coordinated planning. We also present the compact
formulations for the models to generate the NRCCs on the
distribution side, and to incorporate the generated NRCCs into
the transmission planning process.

A. T&D Planning Process With NRCC

The NRCC expresses future peak load reduction options at
the T&D boundary nodes that can be achieved via realistic
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Transmission-Aware Distribution Network
Planning (TADNP)

Model Input Model Output

Network Parameters Cost-Dependent DN

L1
Investment Options

NRCC Cost

Substation-Level NRCC

Substation Load Profiles

—_————

Nodal Netload Forecast

NRCC-integrated Transmission Network
Planning

Model Output

TN Investments

Substation-Level NRCCs

Substation Load Profiles

Investment Options

Investments on NRCC

Network Parameters

Fig. 1. T&D planning process with NRCCs.

distribution grid investments. Fig. 1 illustrates the use of a
substation-level NRCC in the coordinated planning process
between a DSO and a TSO. In this framework, the DSO can plan
beyond the investments strictly required to ensure distribution
grid security and explore additional investment options to reduce
the netload range at the substation. These options require extra
capital costs (AI') and result in a narrower substation netload
when compared to a conventional distribution planning. The
NRCC is the organization of these “netload range vs capital
cost” to be used in the transmission planning process.

As illustrated on the lower-right figure of Fig. 1, increasing
the distribution planning cost from AT'; to AT’ allows the sub-
station load profile to shift from the black curve to the blue curve.
This shift significantly reduces the maximum netload range, nar-
rowing it from [AF(AL';), AP (AT1)] to [AF(AT3), AP (AT'3)],
as highlighted by the upper-right NRCC curve. In our frame-
work, the transmission planning model selects a specific load
profile from the discrete options while balancing its own net-
work upgrade investments. This provides transmission plan-
ners with an alternative to potentially defer or minimize costly
transmission-side investments.

To compute the NRCC, three models are involved and com-
puted in parallel or in sequence. In the following subsections,
we present, in a compact form, a scenario-based distribution
planning model and our proposed mathematical formulations for
NRCC-related distribution and transmission planning models.

B. Scenario-Based Least-Cost Distribution Network Planning
Under DER Growth Uncertainty

First, we present the scenario-based least-cost distribution
network planning (LCDNP) model, which assumes the distri-
bution network planners select their own investments which
achieves the locally least costs, without taking into account the
associated impacts on the connected transmission grid. In this

Substation-Level NRCC Y
Netload \

|
|
Ty Ty |
Cost :

|

|

|

|

|

|

|

|

| Substation Load Profiles Under Different I
|

| Netload
|

|

|

|

|

formulation, different distribution netload scenarios are con-
sidered to incorporate multiple plausible future trajectories of
behind-the-meter DER growth and load increase. This LCDNP
model will serve as the prerequisite for our proposed TADNP
model and the calculation of NRCCs, ensuring the secure and
cost-effective operation under different DER growth conditions.
The compact scenario-based LCDNP formulation is presented
as below:

%= min FPN(u,v, {w,}ses) (1a)
st.: (u,v) € X! (1b)
(ws) € XP(u,v),s €S (Ic)

ue {0,1},v e Ry, (1d)

where the objective function to be minimized in (1a) comprises
the total investment cost of the DSO, whose optimal value is
assigned to I'?, which we refer to as the least-cost feasible budget
hereafter. Vector u contains binary decision variables associated
with investments for resource allocation and replacement, such
as line reinforcement, voltage regulator (VR) placement, and
feeder head upgrade, while vector v is composed of continuous
decision variables representing capacity investment, such as
storage sizing and allocation. Vector wg comprises all opera-
tional decision variables related to scenario s. Set X'P! in (1b)
gathers all constraints related to planning investments, while set
XP(u,v) in (1c) represents the feasible set for power system
operation under the scenario s, given the investment (u, v).

C. Transmission-Aware Distribution Network Planning Model

As previously discussed, the LCDNP model focuses solely
on least-cost solutions to ensure distribution grid security under
all potential future DER growth scenarios, neglecting its impact
on the transmission system. However, well-designed incentive
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mechanisms can encourage DSOs to implement additional up-
grades beyond those required for feasible network operation
under load growth scenarios to support TSOs and, in turn, help
society save millions of dollars in capital-intensive transmission
investments. In our proposed framework, the costs of these
additional upgrades are quantified as the NRCC cost ALy, in the
DSO’s investment budget. Since transmission planners typically
base investment decisions on peak load conditions, strategically
allocating AT’y to reduce peak loads at the distribution level
offers a cost-effective approach to mitigating transmission in-
vestment needs. Within this context, we formulate our TADNP
model as follows:

min WP — AP]T + (1 — W)R — ARF (2a)
s.t.: (1b), (1c), (1d) (2b)

A <ppt < AP Ve NP deDte T, s €S (2c)

(AP, A e Ry (2d)

FPN(u, v, {ws}ses) < TO+ ATYy,. (2e)

The objective function to be minimized in (2a) is defined as the
largest deviation of peak direct and reverse substation netloads
across all possible realizations of DER adoption, AP and AT,
relative to the expected direct and reverse netloads, AP and
AR, []7 = max{-,0} reflects the positive-part function, while
W € [0, 1] is a user-defined weighting factor that prioritizes the
penalties of direct or reverse peak netloads related to the ex-
pected RES growth scenario. The rationale behind this objective
is that it reflects the maximum netloads that may materialize,
thereby driving transmission-side reinforcement needs due to
DER growth uncertainty.

More specifically, the parameters A” and A% represent the
expected peak direct and reverse substation netloads in the
absence of uncertainty in future DER adoption. Their values are
obtained by solving the deterministic version of the LCDNP (1),
where the scenario set S contains only one element, namely the
expected DER adoption scenario s”. Notably, since stochasticity
is not considered, these values are unreliable for representing
the future and serve only as reference points. On the other
hand, the decision vector A = [A” A%] in the optimal solution
of (2a) represents the maximum direct (D) and reverse (R) peak
netloads among all considered DER growth scenarios. Their
values are constrained by (2c), which accounts for substation
netloads across all operational periods and DER growth sce-
narios. These values indicate transmission-side reinforcement
needs if the resulting peaks cannot be accommodated by the
existing infrastructure.

In addition to the investment and operational constraints (2b),
which are also included in (1), our TADNP model imposes a
limit on the total investment cost via constraint (2e) rather than
optimizing itin the objective function. This limit is defined as the
least-cost feasible budget 1'%, obtained from the scenario-based
LCDNP (1), plus an NRCC cost AT'x. We define AT’y as the
incentive provided by the TSO to the DSO to encourage a
reduction in the netload range (we refer to this service as the
NRCC service hereafter). In our framework, from the DSO’s

perspective, K possible NRCC service options can be obtained
by adjusting the values of Al'y, (k=1,..., K) and iteratively
solving the TADNP optimization problem (2) for each AT'j.
The resulting solutions yield a series of peak netload ranges,
WE(ATL), AP (AT:)] (k= 1,..., K), each corresponding to
a specific network upgrade plan. With this information, the
NRCCs can be constructed as shown in the upper right cor-
ner of Fig. 1. The corresponding time-series load profiles,
Paoy 1o (ATk), at each substation node n € A’*"> under each
possible DER growth scenario s, can then be integrated into our
proposed NRCC-informed transmission planning model.

Itis worth noting that while the TADNP model (2) is scenario-
based, the NRCC framework is independent of how reliability
is modeled. Planners can add N — k or extreme-event scenarios
into S, or adopt a robust approach by defining a net-load uncer-
tainty set and dropping the scenario index s from the operational
variables, leaving all other equations unchanged. This flexibility
lets each utility tailor the framework to its own risk tolerance and
reliability standards.

We acknowledge that the proposed TADNP model, as for-
mulated in (2), treats netload profiles as exogenous inputs, a
common simplification in long-term planning models. In reality,
end-user behavior, including load consumption, DER adoption,
and demand response, may be influenced by electricity rates and
price signals, which can themselves be affected by grid invest-
ment decisions. Modeling this endogenous relationship would
require integrating tariff design and user choice models into
the planning framework, significantly increasing its complexity.
While this would unlock additional flexibility and potentially
lead to more cost-effective NRCCs, the current simplification
allows for a clear introduction of the core NRCC concept. A full
treatment of this endogeneity is a promising direction for future
research.

D. NRCC-Informed Transmission Planning Model

Given computed NRCCs and corresponding load profiles, we
formulate the NRCC-informed transmission planning model as
follows:

min  FTN(ul, vl w!)

uf,ui_’wtvaRCC,T

+2_ D ALt Ga
ieENTNEeER

st (ul,0f) € AP (3b)
wl € XM (ulvf) s €S (30)
SO < vi e NN (3d)

kel
i T e 0,1}, Vie NN ke K (3e)

load,f _ nload,0 sub
Diats=Diars+ § : (D54« (AL 1)
kek

load,0 NRCC,} . TN
- Di,d,t,s} T , Vie N'N,deD,

teT,seS (3f)
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In the objective function (3a), the first term, F ™™ (u, v, w!),
represents the cost of regular infrastructure reinforcement ' and
resource allocation v'. Additionally, the second term incorpo-
rates the cost associated with NRCC services. When x?,ljcc
1, it means the k-th option is purchased at transmission node
g, with the associated node-specific NRCC cost Al'; ;.. Further-
more, in addition to the planning and operational constraints, i.e.,
(3b) and (3c¢), (3d) and (3e) ensure that only one specific NRCC
service is selected from the DSO connected to each transmission
node n € NN, Lastly, constraint (3f) defines the resulting
demand at node n after the NRCC service is selected from

the connected DSO, where the original netload level DiO; (22

is changed to pS%, (AT’ 1) by purchasing the k-th NRCC
service. Note that the load profile pj}i}jtys(AFi, %) supplied with
each NRCC option k actually gives the TSO concrete “stress
case” scenarios [28], as it is obtained from a dispatch simulation
in the TADNP (2) that respects all distribution constraints across
s € S. In addition, limiting the NRCC menu to |K| discrete
options keeps the transmission optimization manageable, as only
a few options need to be evaluated, reducing the computational
burden. It is worth mentioning nonetheless that the NRCC
framework itself does not limit the total number of options and
their granularity. A DSO could add or remove options without
changing the way NRCCs are built or used in the transmission
planning. In addition, it is common practice that utilities bundle
upgrades into a handful of discrete standard packages, as doing
so simplifies managerial and engineering effort [29].

Compared to traditional uncoordinated planning processes,
our proposed framework requires only the exchange of
substation-level netload profile and NRCC between the TSO and
DSOs, which is the information captured in constraints (3d)—
(3f). Similar to the TADNP (2), the planning and operational
layers (3b)—(3c) remain independent of the NRCC constraints
(3d)—(3f), so model (3) can be refined to any desired detail. In
Appendix A, we provide our full formulation used here, and
higher-fidelity elements such as AC power-flow constraints or
alternative reliability criteria can be incorporated when neces-
sary.

E. Steps for Implementing the NRCC in the T&D Planning

To derive the NRCC, the DSO runs the TADNP model,
relying on long-term load growth and DER forecasts beyond the
distribution planning cycle (these type of forecasts are already
used in other distribution utility proceedings [30]). The NRCC
costs can then be multiplied by a DSO “profit margin” (or
“compensation” in regulated setups) and offered as product
options for the TSO. The TSO then selects the point of the
NRCC that is cost-effective for the transmission planning, using
model (3). Within this framework, the DSO has an incentive to
reduce the “profit margin” of the NRCC products to increase
their chance to be included in the TSO planning. When the TSO
purchases a service option of the NRCC, the DSO knows what
corresponding distribution investments are needed to enable it.

After the transaction, there are two ways that a regulator
can verify that the NRCC service was provided: i) ex-ante, the
regulator can check whether the DSO made those investments;

ii) ex-post, the TSO can check whether the netload at the substa-
tion remains within the NRCC values. These verification steps
are crucial due to the inherent information asymmetry between
DSOs and TSOs, as DSOs possess detailed knowledge of their
network. To mitigate the risk of DSOs’ overestimating costs
or underestimating their capabilities, safeguards are necessary.
These could include regular NRCC recalculations (e.g., every
2-3 years) to reflect actual DER growth, detailed engineering
justifications for each option, independent audits, and penalties
for non-compliance. However, a full design of these regulatory
measures is beyond the scope of the present paper and will be
explored in future work.

III. MATHEMATICAL FORMULATION AND SOLUTION
PROCEDURE OF THE TADNP MODEL

Building on the compact models presented in the previous
section, this section provides a detailed mathematical formula-
tion of the TADNP model (2), followed by an overview of our
proposed T&D planning coordination methodology.

A. Mathematical Formulation of the TADNP Model

As the objective function (2a) and auxiliary constraints for
maximum netloads (2c) are already presented in the last section,
we are going to provide the details of the operation and planning
constraints (2b) and the budget constraint (2e).

1) Budget Constraint: Below we express the detailed version
of constraint (2e):

FPR(u, v, {w,}es)

= Z Z mmn,r mn,7'+ Z

(m,n)eLe reQP (m,n)eLVE

Y Ctast 4+ >

neNB (m,n)eLFH

+ Z ZZde prob, - Cl(pn s

neN deD teT seS

VR _.VR
Cm nLmn

FH, FH
Cmn Linn

+pndts+qndts+q7lzi;,t,s)}SFO+AFI€ (4)

The first four terms in (4) comprise costs related to line re-
conductoring, voltage regulator installation, storage placement,
and feeder head transformer reinforcement. Since the analysis is
performed at the feeder level, we apportion transformer upgrades
relative to the feeder. The last term represents the penalty cost
of load shedding, which aims to maintain operational feasibility
under different DER growth scenarios.
2) Nodal Balance and Reference Voltage: Investment and
operation constraints are expressed as follows.
711037%,5 + Z pnm,,d,t,s Z Pmn ,d,t,s
m|(n,m)eL m|(m,n)eL
Z piutkzl)ts +p:zt;ts _pitt;ts +pndts
neAsub

g M ENPNdEeDteT s€S (5
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load E §
n,d,ts+ qnmdts andts_

m|(n,m)eL m|(m,n)eL

§ sub
qn,d,t,s

neNsub

st I+ I-
+ qn,d,t7s + qn,d,t,s - qn,d,t,s’

VneNPN deD,teT,seS (6)

) T T+ )
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sqr _ ref FH
un,d,t,s - ( ) Vn € L

Vne NPN deD,teT,seS (8)
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where constraints (5) enforce active nodal balance for distribu-
tion nodes considering the load of each node, power flows in and
out, potential local injection, storage devices, as well as slack
variables that are penalized in the objective function. Constraints
(6) play an analogous role for reactive balance. Constraint (7)
enfore the non-negativity of slack variables. Voltage reference
for each substation and voltage limits for all buses are imposed
in (8) and (9), respectively.
3) Fixed and Candidate Line Segments:
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where f (pgﬁ.n,d,t,s’Smn”e):COtan((%_e) ) (pmnd,t,s_

cos(fe) ~§,I;,m) +sin(%e) - Smn Expressions (10) and (12)
model the potential selection of an upgrade option for each
line segment (m,n) € L£° while (11) enforces a fixed capacity
for lines that are not candidate for reinforcement. It is worth
mentioning that one of the options is to keep line segment [
unaltered, whose respective cost CJ,,, is null. Depending on
the values of decision variables x%m,r, the power flow lim-
its are considered in (13)—(15) and the respective resistances
and reactances are taken into account for voltage drop in (17)
and (18).
4) Constraints for Tap Changing:

sqr,mid sqr,mid
n,d,t,s sqr n,d,t,s
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We account for the possibility of tap changing in VRs and
on-load tap changer (OLTC) transformers located at the feeder
head. Here, uif‘ dmt’ . represents the squared voltage at an internal
“mid-tap” virtual node introduced inside each VR or trans-
former. This virtual node captures the effect of the tap ratio while
leaving the external node pair (m, n) unchanged in the network
model. In this context, expression (19) defines the constraints on
tap changing. Additionally, expressions (20) and (21) model the
logic governing the activation of tap adjustments for candidate
VRs selected for installation.

5) Constraints for Feeder Head and Voltage Regulators:
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Expressions (22) and (23) determine the capacities of feeder
head transformers and VRs, respectively. Based on these capaci-
ties, power flow limits are enforced in (24)—(27). Moreover, con-
straints (28)—(30) represent voltage drop while (31) expresses
the binary nature of x5

6) Constraints for Storage Operation:
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Constraints (32)—(35) impose active and reactive power limits
for storage devices, while also determining the installation and
sizing of candidate storage units. Constraints (36)—(38) model
the evolution of the state of charge (SoC) over time periods.
Finally, constraints (39) define the upper and lower bounds on
the SoC for the candidate storage units.

Therefore, the complete TADNP model is formulated with
the objective function (2a) and constraints (4)—(39), (2c)—(2d).

B. Implementing Procedure for the Proposed Coordinated
T&D Planning

Fig. 2 outlines the step-by-step implementation process of the
proposed NRCC-integrated T&D coordination framework. The
process is structured into four main steps:

Step 1: Deterministic Model Step 2: Scenario-Based Model

the nominal scenario

Least-Cost model (1) under
under multiple scenarios

Least-Cost model (1) ]

Expected Netload
Range [\, A”

‘

[ Initial investment cost ]

¥
Step 3: NRCC Calculation
[ Run the TADNP model (2) under multiple ]

scenarios with initial budget I°

)
[ Initial Netload Range [A" (%), A” ()] ]

NRCC

Run TADNP model (2) with the \i‘\‘ :
increased budget ' = %+ Ar i i
T —

1

1

Netload Range [1" (1), A” ()] ]

Step 4: NRCC-Enabled Transmission Planning

Run the NRCC-Enabled Transmission
Planning model (3)

Fig. 2. Iteration-based solution procedure for NRCC computation.

Step 1. Deterministic LCDNP: Given the candidate invest-
ment set, we solve problem (1) using only the nominal scenario
sY, referred to hereafter as the deterministic LCDNP model. This
step yields the expected netload range, [Af*, AP], which provides
insights into expected peak direct and reverse netload demands
at the substation. These values serve as inputs for the objective
function (2a) of the TADNP model.

Step 2. Scenario-Based LCDNP: In parallel with Step 1 and
using the same candidate set, the scenario-based LCDNP is
solved while considering multiple scenarios to account for DER
growth uncertainty. This step also determines the least-cost
feasible budget I'V required to upgrade the distribution system so
as to ensure feasibility across the DER growth scenarios under
consideration. In our framework, I'? serves as the initial budget
used in the budget constraints (2e) for the NRCC computation.

Step 3. NRCC Calculation Based on TADNP: Starting from
the netload range [Af, AP] and the least-cost feasible budget
I'° from the step 1 and 2, our procedure evaluates the impact of
increasing the investment budget by AI" on the netload range
at substations. More specifically, starting with the initial invest-
ment I'Y, the budget is iteratively increased by AT until the cost
increment AT exceeds a predefined maximum allowable value
AT'™a%_ For each budget level I' = I'° + AT, the netload range
[AE(I), AP(I)] is computed, enabling the construction of the
NRCC. The NRCC quantifies the trade-offs between investment
budgets and the ability of DSOs to manage netload deviations
from the expected value.

Step 4. NRCC-Informed Transmission Planning: In the final
step, the NRCC-informed transmission planning model (3) in-
tegrates the NRCC results from different DSOs connected to
its nodes. In this way, transmission planners can explore the
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TABLE I
PARAMETERS OF DISTRIBUTION NETWORKS FOR NRCC COMPUTATION

. Number of . Min/Ave/Max
Sull\}it:::;on Feedel:s/Buses/ Nei\l/{)l:gv([l.‘\l/;‘W) Installed
Lines RPV (MW)
p3uhs9_1247 2/283/235 -3.53/10.10 2.19/6.33/7.85
pSuhs31_1247 5/901/734 0.48/13.59 2.28/3.58/6.46
p7uhs8_1247 4/585/518 -2.34/10.29 8.76/8.87/9.54
plduhs9_1247 6/966/778 -1.46/16.02 3.55/7.26/12.08
pl6uhs23_1247  5/2070/1683 -0.16/7.19 1.92/3.14/5.63
p2luhs5_1247 4/540/493 -0.43/23.19 13.18/13.28/13.29
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feasibility of deferring costly transmission-side reinforcements
by procuring NRCC services from DSOs, while maintaining
overall system operational feasibility and security. This step un-
derscores the non-intrusive coordination between T&D systems
under long-term DER growth uncertainty.

IV. NUMERICAL RESULTS

In this section, we present case studies using the realis-
tic networks located in San Francisco Bay Area. In Section
IV.A, we introduce the general settings used for the study. As
our proposed methodology starts from generating the NRCCs
for substation-level distribution networks, in Section IV.B, we
present TADNP results, including the NRCCs of two represen-
tative distribution networks and their corresponding network
upgrades under different investment budgets. With the NRCC
services calculated and passed from the distribution networks,
the transmission system planning results are presented in Sec-
tion IV.C to demonstrate the efficiency of NRCC adoption in
deferring costly transmission-side investments.

A. System Setup

The distribution systems and transmission system used for
numerical tests are based on the San Francisco distribution net-
works provided in the SmartDS dataset [31], and California Test
System [32], respectively. Transmission and distribution sys-
tems are interconnected with substations, whose netload profiles
and NRCCs are transmitted from the corresponding DSOs to the
TSO. To simulate NRCCs of different TN nodes, we utilized 6
distribution networks located in San Francisco from SmartDS
dataset, whose parameters are presented in Table I. Results
from two representative distribution networks located in the San
Mateo County in the San Francisco Bay Area, i.e., p7uhs8_1247
and p21uhs5_1247 (denoted as Distribution Network 1 and 2),
will be presented and analyzed in Section IV.B, whose layouts
are shown in Fig. 3. The two systems have 10/2/6 and 15/4/1
candidate lines/BESSs/VRs, respectively. Parameters and costs
associated with candidate line reinforcements, BESSs, and VRs
on the distribution network side are extracted from [33], [34].
The transmission network covering the San Francisco Bay Area
consists of 163 nodes and 196 lines. The parameters and loca-
tions of the installed generators and BESSs on the transmission
side are provided in [35]. Network and candidate parameters for
both distribution networks and transmission networks can be
accessed in [36]. To match the loading level of the transmission
system, we randomly assign the substation-level netload profiles

Scenario-Based LCDNP Model TADNP Model (NRCC Cost = $1.08 Million)

(a) Distribution Network 1 (p7uhs8_1247)

Avoided
Lines

Scenario-Based LCDNP Model TADNP Model (NRCC Cost = $0.71 Million)

(b) Distribution Network 2 (p21uhs5_1247)

Fig. 3. Layout of distribution networks with candidates and investments.

computed from the 6 distribution networks to different transmis-
sion nodes and scale the NRCC and netload levels to match the
original transmission nodes’ load demands. Here we consider a
20-year planning horizon in the simulations, while the expected
load demand is scaled to the projected level for 20 years, as
forecasted by Cambium [37]. Another assumption in the case
study is that every substation connected to the transmission
nodes can offer NRCC services with three discrete options, each
of which corresponds to a specific NRCC cost, peak substation-
level netload range, and a related time-series netload profile. We
chose a uniform, three-option menu so we could clearly show
the effect of NRCCs on transmission planning. Nonetheless, the
framework is flexible to add or remove options, as a DSO may
offer fewer or more discrete options without changing the way
NRCCs are generated or used.

In this case study, we assume that long-term netload un-
certainty arises from general load growth and the adoption of
behind-the-meter rooftop solar. This assumption allows us to
illustrate how NRCCs handle uncertainty in both netload in-
creases and decreases, and to show that the method is applicable
regardless of the type of DER considered. Accounting for the
load uncertainty, three load growth scenarios with different
growth rates per year are considered: Low (1.5%), Medium
(2.5%) and High (3.5%). Regarding DER growth scenario gener-
ation, we adopt innovation diffusion theory [38] to characterize
how the RPV is adopted over time in the form of aggregate
dynamics. For their geographical distributions, we utilize an
agent-based simulation framework [39]. Through this method,
we generate 100 future RPV growth scenarios and combine
them with 3 future load growth scenarios to yield 300 netload
scenarios in total. Then, by utilizing the hierarchical clustering
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Fig. 4. Budget breakdowns.

method [40], those scenarios are reduced to 3 scenarios based
on the information of their aggregate capacity and locations.
Note that our framework is compatible with other scenario
generation techniques for the DER growth. Furthermore, three
representative days that are associated with the highest, average
and lowest peak netload values are picked up for the case studies,
which is aligned with usual approaches adopted in the technical
literature [41].

B. Results of the TADNP and NRCCs on the Distribution Side

1) Budget Breakdowns: We first examine how budget in-
creases influence investments within distribution networks.
Fig. 4 illustrates the budget breakdowns for various investment
types across different budget levels for Distribution Network
1 and 2. In Distribution Network 1, as the investment budget
increases, more BESSs are installed. Initial investments in line
upgrades are replaced by BESS installations once the budget
reaches $0.89 million. As shown in Fig. 3(a), when the budget
increases to $1.56 million, reinforcement on two lines is avoided,
and the installed BESS capacity grows significantly from 29 kW
to 2118 kW. These findings suggest that increased BESS capac-
ity can effectively manage line power flow, eliminating the need
for local infrastructure upgrades. A similar trend is observed in
Distribution Network 2, where line reinforcements are partially
replaced by increased BESS installations as the budget grows. At
abudget of $4.57 million, two BESSs with capacities of 2880 kW
and 486 kW are installed, avoiding the one line reconductoring
which would have cost $0.75 million.
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Fig. 5. Netload range cost curves at substations.

2) NRCCs: We then present the compiled NRCCs, and an-
alyze how peak netload ranges at the substation change with
varying distribution investment plans shown above. Instead of
using the investment budget, we adopt the NRCC cost as the
horizontal axis to explicitly denote the additional funding the
DSO could potentially receive from the TSO. NRCCs for the
two distribution networks are shown in Fig. 5. The blue lines
in the upper and lower plots show the peak direct and reverse
netloads obtained from the TADNP model, while the dashed
orange lines and red dots depict the corresponding values from
the deterministic LCDNP and scenario-based LCDNP models
under nominal and multiple scenarios, respectively. These serve
as references to demonstrate how the peak netload ranges under
the TADNP model decrease as the TSO allocates more funding
to the DSO.

Notably, when DSOs adopt the least-cost investments without
considering the transmission side i.e., NRCC cost is 0, sig-
nificant discrepancies exist between the peak substation-level
netloads obtained from the deterministic and scenario-based
LCDNP models, as the gaps between red dots and dashed lines
indicate. This suggests the potential necessity for TSO invest-
ments to address uncertainties related to future DER growth.
As the NRCC cost increases, the peak netloads progressively
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Fig. 6.  Substation-level load profiles in Distribution Network 1 under selected
scenarios for representative days, with and without the NRCC-related invest-
ments.

converge to the expected values. With reference to the investment
results and budget breakdowns in Figs. 3 and 4, we observe that
this convergence is primarily driven by the deployment of new
BESSs within distribution networks. BESSs effectively manage
line power flows, minimizing local infrastructure upgrades while
also reducing peak netload at the substation. These findings
underscore the potential for offsetting the high costs of BESS
installations through NRCC services, incentivized by additional
funding from the TSO, therefore contributing to greater cost-
effectiveness and enhanced social welfare.

3) Daily Load Profiles and BESS Net-Charging Patterns: To
elucidate how NRCCs narrow the netload envelope, Fig. 6 plots
the hourly netload at Substation 1 in the Distribution Network
1 on two representative days, with NRCC-related investment
cost AI' = 1.08 Million USD and without NRCC-related in-
vestments. Fig. 7 presents the corresponding aggregate BESS
net-charging schedules produced by the optimal dispatch after
an NRCC option is selected.

On the peak day shown in Fig. 6(a), with NRCC, the evening
crest is shaved from 10.3 MW to 9.3 MW, accounting for a
9.7% reduction, and the 17:00-21:00 interval is flattened so that
every point stays beneath the expected direct netload benchmark.
Fig. 7(a) reveals how BESSs achieve this effect: they charge
during the early-morning surplus, then discharge through the
peak, and take a brief charge at 23:00 to restore their SoCs.
Similarly, on the light-load day with significant reverse flow,
the maximum export shrinks from —2.9 to —1.4 MW with the
NRCC service, while exports between 11:00 and 16:00 are held
below the expected reverse netload baseline.
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Fig. 7. Net charging profiles of aggregated storage units in Distribution Net-
work 1 under selected scenarios for representative days, with the NRCC-related
investment (A" = 1.08 Million USD).

TABLE I
NUMERICAL RESULTS OF TN PLANNING MODEL WITH AND WITHOUT NRCCs

w/o NRCC  with NRCC
Investment Cost (Million $) 1129.45 943.03
No. of Invested lines 59 53

Total Line Reinforcement (MW) 546.24 467.92
Avoided Line Reinforcement (MW) - 72.58
Investment on the NRCC (Million $) - 92.10
Total Saved Cost (Million $) - 94.32

Taken together, Figs. 6 and 7 show how BESSs funded by
the NRCC service shift hours of low marginal transmission
loading into the peak periods, flattening the peak magnitude
and tightening both the direct and reverse netload envelopes.
This operational pattern underlies the transmission investment
deferrals reported in the following subsection.

C. Results of NRCC-Informed Transmission System Planning

With NRCCs from the distribution side, we present the
NRCC-informed transmission system planning results to
demonstrate the benefits of NRCC adoption from the transmis-
sion network’s perspective. Here, we assume that all substa-
tions connected to transmission nodes are capable of providing
NRCC:s. Fig. 8 presents transmission network maps comparing
line reinforcement results for two cases: (a) without NRCC and
(b) with NRCC. Table II provides the corresponding quantitative
results, highlighting the impact of NRCC adoption on transmis-
sion investments.
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Without NRCC integration, 59 transmission lines require
significant reinforcement, with a total capacity of 546.24 MW.
With T&D coordination, however, NRCC services are procured
at 10 buses, avoiding the reinforcement of 6 transmission lines,
as highlighted in red in Fig. 8(b). This corresponds to a total
avoided capacity of 72.58 MW, resulting in cost savings of
$186.42 million, i.e., a 16.5% reduction in overall transmis-
sion investment costs. Notably, while NRCC adoption requires
an additional investment of $92.10 million paid to DSOs for
distribution-level upgrades, these costs are more than offset by
savings from reduced transmission investments. The net cost
savings amount to $94.32 million, highlighting the economic
efficiency and practicality of the NRCC-integrated framework.

Lastly, Fig. 9 plots the hourly loading of four representative
transmission lines, normalized by their thermal ratings, for the
peak day under the maximum netload scenario. Without NRCC,
these four lines exceed their original capacities during peak
hours, necessitating costly reinforcements. In contrast, with
NRCC in place, the loadings stay safely below the limits. The
difference comes from the extra BESS capacity installed by
the DSO: the batteries charge off-peak and discharge at the
peak, shaving the substation demand and keeping the line flows
within their thermal envelopes. Since thermal limits are satisfied
even under the maximum scenarios on the peak day, and no

feasibility slack variables are activated, the results also confirm
that adopting NRCCs does not compromise system reliability.

V. CONCLUSION

This paper introduces a novel approach to coordinating T&D
planning through the methodology of NRCCs. The proposed
NRCC framework addresses critical gaps in current planning
processes by explicitly accounting for DER growth uncertainty
and integrating long-term flexibility from distribution networks
into transmission planning, while not compromising the current
regulatory structure. NRCCs achieve this by offering TSOs
a “menu” of substation netload guarantees along with corre-
sponding costs, enabling TSO and DSOs to allocate invest-
ments more effectively. Key contributions of this work include
the development of a TADNP model, an iterative method for
computing NRCCs, and the seamless integration of NRCCs
into transmission system planning without violating existing
regulations. Case studies based on realistic transmission and
distribution networks demonstrate that NRCC adoption prevents
costly transmission reinforcements while maintaining system
operational security and feasibility. Notably, with additional
investment budgets from NRCC services procured by the TSO,
DSOs can identify investment solutions that incorporate ad-
ditional BESS installations while reducing the need for local
infrastructure upgrades. This underscores the incentives of the
NRCC framework in offsetting the high costs of NWAs while
supporting resource-efficient planning strategies. Finally, we
note that our analysis centers on DSO-owned BESSs as the
primary driver of netload reduction. The NRCC framework,
however, could be extended to include other DSO assets or
third-party resources under different regulatory regimes, which
is an area we leave for future work.

APPENDIX A
DETAILED FORMULATION OF NRCC-INFORMED TRANSMISSION
PLANNING MODEL

This appendix presents our detailed formulation for the
NRCC-informed transmission network planning model (3).
The model couples long-term transmission-investment decisions
with hourly operations under a set of netload scenarios and
NRCCs supplied by DSOs. We summarize the formulation here
for ease of reference including the necessary extra mathematical
symbols in the supplementary nomenclature.

A. Supplementary Nomenclature

Parameters
capi ih Capacity of conductor option h
CZ.Lj"L Annualized investment cost of line option h
CLtf Penalty cost for imbalance
X Z j Reactance of line in DC power flow.
G e .
P, o Capacity limit of generation g
EEP’T / ESW’T Percentage of generator g can be used as
up/down reserve.
RU,4/RD, Percentage of ramp-up/down capability of gen-

erator g
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Lijh
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dw,{
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sij’
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slcT st,d, T
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Tst T
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h
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Charging/discharging rate limits of storage b
Charging/discharging efficiency of storage b

Set of conductor options.

Set of all transmission corridors.

Set of generators at bus ¢

Set of battery storages at bus ¢

Index of transmission corridor from ¢ to j
Index of conductor options.

Index of generator installed on the transmission
side.

Index of battery storage installed on the trans-
mission side.

Binary variable indicating line reinforcement
with the option h
Up reserve of generator g

Down reserve of generator g

Thermal limit of line (i, j) once - % ischosen.
Output of generator g

Charging/discharging power of storage unit b
State of charge of storage b

Duration of storage b
Upward/downward slack variable at bus ¢

Power flow on line (i, j)

Voltage angle at bus ¢

B. Mathematical Formulation
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where objective function (A.1) minimizes the sum of: (i) rein-
forcement cost of candidate transmission lines, (ii) capital costs
of selected NRCC options, and (iii) expected penalty costs for
load shedding to maintain feasibility. Constraints (A.2)—(A.3)
provide the explicit version of the planning layer (3b). Specif-
ically, (A.2) translates the binary conductor-selection variable
into a thermal-limit value, while (A.3) ensures that exactly one
conductor type is chosen for every candidate corridor. Note
that corridors that are not candidate for investment will only
have one capacity option in (A.2)—-(A.3) and this option will
be associated with zero cost in the objective function (A.1).
Keeping an existing line with the same capacity will also have
a null cost in (A.1). (A.7)-(A.22) expand the operational layer
(3c). The nodal power-balance relation is formulated in (A.7).
Non-negativity of the up- and down-slack variables is imposed
by (A.8). For clarity and tractability, a DC power-flow approx-
imation is adopted in (A.9), and the resulting line flows are
then bounded by the thermal limits in (A.10), which inherit
the conductor choice from (A.2). Constraints (A.11)—(A.15)
collect the operating constraints for generators, where capacity
restrictions, reserve scheduling, and ramping limits are consid-
ered. Constraints (A.16)—(A.22) depict the storage operation and
limits. Constraints (A.4), (A.6) and (A.23) are NRCC-related
constraints which are explained in detail in Section II-D.
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