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Abstract

This paper presents an energy scheduling-based
formulation for computing operating envelopes
including a distribution branch screening algorithm.
The contribution of the paper is two-fold: first, it
presents a methodology for calculating operating
envelopes using energy scheduling (baseline); second,
it enhances this methodology by incorporating a custom
distribution branch screening algorithm (DBS-ES). The
custom algorithm leverages power system knowledge
to reduce both model build time and total processing
time while maintaining the same scheduling objective
value as the baseline. The effectiveness of the proposed
approach is demonstrated through experiments on
the IEEEI3, IEEEI23, and EPRI Secondary test
feeders. Results highlight a 24.5% decrease in model
build time and an 8.17% decrease in total processing
time when using DBS-ES compared to the baseline,
specifically for the IEEEI23 test feeder. Also, the
paper briefly discusses the influence of utility-controlled
storage on computing operating envelopes, noting a
general increase in the overall hosting capability of the
envelopes. Finally, a discussion on the equilibrium of
the proposed iterative approach is presented.

Keywords: Distribution systems, Operations
Planning, Operating envelopes, Energy Scheduling.

1. Introduction

There has been rapid adoption of Distributed Energy
Resources (DERs) at the edge of the grid, such as
rooftop solar photovoltaic panels (PVs), battery storage
systems (BSS), and electric vehicles (EVs). In part,
this adoption is driven by aggressive electrification
efforts from Federal and State Governments DoE
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(2021). To orchestrate these resources, the FERC order
2222 enabled aggregator agents (aggregators) to bundle
several small DERS for participating in the wholesale
electricity market FERC (2020) and Shrestha et al.
(2021).

These aggregators aim to build extensive DER
portfolios to attain flexibility for generating a substantial
aggregated response at the system level M. Z. Liu
et al. (2021). However, the unmanaged simultaneous
injection and extraction of power by these devices can
result in voltages and currents exceeding the the limits
of the distribution network M. Z. Liu et al. (2022).
Leveraging the existing distribution infrastructure while
ensuring its integrity, particularly regarding its physical
limits, becomes a critical challenge Gongalves Givisiez
etal. (2023).

Operating Envelopes (OEs) are a set of limit values
for power injections and extractions as a function of
time. They allow DER aggregators to operate their
devices within the physical limits of the grid. This
concept addresses the previously discussed challenge by
positioning the Distribution System Operator (DSO) as a
neutral facilitator. While the DSO has limited authority
to control behind-the-meter devices, it plays a crucial
role in calculating limits for injections and extractions
at each possible connection site M. Z. Liu et al.
(2022). Once calculated, these OEs are communicated
to aggregators, who must adhere to them as maximum
limits while managing their DER portfolio.  This
approach ensures that the network operates within
acceptable technical limits, thereby guaranteeing the
provision of bottom-up services Blackhall (2020). A key
advantage of this approach is that it does not require the
aggregator to have detailed information of the network
or to run network related computation, but only to
adhere to the OE limits.
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Current methods for computing OEs rely on
power flow calculations. Due to the time-varying
nature of OEs, there are two primary computation
methods. The first is near real-time, which calculates
operating envelopes for the upcomming operation
interval, typically the next 5 minutes B. Liu and
Braslavsky (2023). This approach requires the electric
utility to have the best data available, consideration
of both active and reactive power, and support for
mitigation actions. The second method is in-advance
or look-ahead, involving the calculation of OEs for
multiple time intervals Gerdroodbari et al. (2022).
In-advance OEs can be approximated using forecasted
data and transmitted to aggregators aiming to participate
in the reserve market which typically operates in
operations planning horizons (a few hours or even a day
ahead) Alam et al. (2023).

Based on the above discussion, this paper presents
an in-advance Operating Envelope calculation approach
based on Energy Scheduling, which considers the
day-ahead planning horizon. Energy scheduling is an
operations planning problem for distribution systems,
which optimizes DER power injections to serve a
forecasted load at minimum cost while adhering to
network constraints Ferndndez-Ramirez and Grijalva
(2022).  In contrast to previous approaches such
as Gongalves Givisiez et al. (2023), B. Liu and
Braslavsky (2023), and M. Z. Liu et al. (2022),
which focus on solving a series of Optimal Power
Flow (OPF) for a single point in time, Energy
Scheduling uses a formal optimization method that
considers intertemporal constraints, relationships, and
both initial and final conditions of the scheduled
resources. According to optimal control theory Liberzon
(2011), such a problem requires finding an optimal path
given two boundary conditions rather than finding a set
of unrelated instantaneous optimal decisions.

Further, we enhance the proposed methodology by
incorporating a distribution branch screening algorithm
inspired by Xavier et al. (2019). In transmission
systems, it is well-known that not all branches (lines and
transformers) become binding constraints in problems
such as OPF. Similarly, in the context of distribution
feeders and a multi-phase analysis of distribution
branches, this concept is applicable. The incorporation
of such screening contributes to the refinement and
efficiency of the proposed methodology. DSOs can
benefit from this work as it provides a feasible proof
of concept regarding the computation of in-advanced
operating envelopes. DSOs must communicate limits
to DER aggregators ahead of time. This is particularly
important for aggregators wishing to participate in
reserve markets where services are usually bid in

operations planning horizons.

The rest of this document is organized as follows:
Section 2 describes the energy scheduling-based
formulation for computing operating envelopes. Section
3 introduces the proposed distribution branch screening
algorithm. Section 4 describes the experimental setup.
Section 5 presents the simulation setup and numerical
results. Finally, Section 6 provides conclusions and
future work.

2. Energy Scheduling Formulation

2.1. Notation

We model a three-phase power distribution network
with buses and devices. Specifically, we denote a bus in
the set of buses as ¢ € I. We use j to represent a device,
that can either belong to the set of source devices J*°,
producers JP', consumers J, battery storage J b or AC
branches J*.

In this network representation, buses have
connection terminals called nodes. Let a node in
the set of nodes be denoted as n € N. These nodes
are connected to the phase or neutral of a device. For
a given device j, let ¢, € {a,b,c} denote its phases.
Consequently, the available phases of a bus ¢ can be
defined as ¢; = Ujc j, @;.

2.2. Operating cost minimization

From the ({qerspecyive of the DSO, the objective is
to minimize distribution system operating costs while
ensuring the physical limits of the grid:

miny (Y 2+ Y - D0 At D Ht D A
teT jeJs° jeJPr jeJes jeJdr jeJ*

ey
This expression encompasses energy costs associated
with source devices at the substation, energy costs from
producing devices, revenues generated by consuming
devices, costs incurred from consumers participating in
demand response programs, and penalties arising from
branch overflow. The objective function is evaluated
over the time horizon T'.

2.3. Power Balance
For each bus ¢ € I, phase ¢ € ¢;, and time-step

t € T let the net power injection flowing into the node
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be defined by:
Digt = Z Djgt + Z Djgt + Z Djgt
jedy? jeJ” jegs
=D et Y pise— Y Pie D
JeJy jegy jegs

This expression takes into account the contribution from
source devices in J;°, flexible generating devices in
JP", demand response from devices in J{r, flexible
consumption devices in J;®, battery storage devices in
JPs, and fixed consumption devices in J¢.

The net injection p;¢; is equivalent to the summation
of the signed power flows from branches connected to

bus :
> Piot = Dige 3)
jeJx

The sign convention is such that positive power flows
denote branches assumed to be connected "from" bus i,
and negative power flows represent branches assumed to
be connected "to" bus ¢. Ensuring nodal power balance
throughout the entire network requires satisfying |N| x
|T'| equality constraints.

2.4. Voltage Limits

Bus voltage magnitudes are subject to ANSI ratings
and modeled as a hard constraint:

0.95 vD5¢ < ;4 < 1.05 vP™° 4)

Given this tight operation margin, a first-order
approximation can be employed to model voltage
change Grijalva et al. (2021) and Talkington et al.
(2023):

ov;
Vigt XU+ Y 3 Z'd) Apigt &)
iel peg; TP

where Ov;,/0piy is a sensitivity relating voltages
changes w.r.t. active power changes. The amount of
active power change is determined by:

Apipt = Z Piot — Plat (6)

. cs,pr,bs
JEJ;

where both o), and p),, are initial voltages and
powers coming from a power flow simulation of a
distribution network. The summation in (5) represents
the contribution of active power scheduling to bus
voltage magnitude change.

2.5. Operating Envelopes for flexible devices

As previously discussed, Operating Envelopes (OEs)
are dynamic power limits that are communicated by the
DSO to aggregators. These OEs are computed based
on grid-level limits and device constraints. In contrast
to the traditional Hosting Capacity (HC), which is
determined based on the most constraining condition of
the feeder, OEs change through out the year leveraging
the dynamic nature of the grid (see Figure 1).
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Figure 1. Visual comparison of static hosting capacity
(HC) and Operating Envelopes (OEs) at different time
frames. HC (upper left) is determined by the most
constraining condition of the feeder. Hourly OEs (upper
right) are able to closely track real available capacity.
Daily OEs (lower left) are able to track coarse weekly
changes. Finally, monthly OEs (lower right) can track
seasonal trends. Given the dynamic nature of the grid,
HC gets outdated very quickly.

In our scheduling framework, we can model OEs
by including flexible producing and consuming devices
j € JP% which will be dispatched depending on the
operating conditions of the network. The dispatchable
power will then be considered the operating envelope of
that device. Additionally, each device has lower pl;?d)t

and upper p;gt bounds given as inputs:

Do < Piot < Do (7)
2.6. Demand response devices

Demand response devices, denoted as j € J,
introduce an additional decision variable representing
the amount of load that can be voluntarily disconnected,

denoted as pd-r¢t > 0. There exists a maximum load

J
that can be disconnected, given by pg ot» modeled as a
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hard constraint. The cost 2%

¢ associated with demand
response is:

=D dic (®)

PED;

Here, d; represents the length of time-step ¢ as a fraction
of an hour. The demand response variable is subject to
the constraint:

d d
pjr¢f, < Dot )

This constraint ensures that the demand response does
not exceed the maximum allowable disconnection limit.

2.7. Battery Storage Devices

Battery storage devices, represented by j € J,
are modeled as single-phase devices with the ability
to either produce power when discharging I;'th > 0)

or consume power when charging (p';-ig > 0). The
energy balance equation governing these two variables
is expressed as:

SOC eS_OC
€jpt Jjot—1

— = o) =0 (0)
Here, d; represents the length of time-step ¢ as a fraction
of an hour. e;-‘zgt > 0 is a variable denoting the state of
charge of the device, and 7 is the efficiency parameter
specific to the storage technology. This equation ensures
that simultaneous charging and discharging is avoided,
and it constrains the charging or discharging based on
the state of charge of the battery at any given time.
Batteries are subject to charging and discharging
limits defined by the nameplate parameter ej,. The
battery storage capacity €™ limits the state of charge:

diphsy, diply < elfy (11)
ejpr < €jg (12)
Initial and final conditions on the state of charge are:
ejgo = 0.8 - €™ (13)
ejor = 0.8 - €55 (14)

The charging and discharging can be combined into
a single variable to be included in the net injection
equation (2):
___bsc bsd
Digt = Djor — Pio (15)

2.8. Energy Cost and Revenue

The distribution utility is assumed to be purchasing
power from the Independent System Operator (ISO)

at the substation’s Locational Marginal Price (LMP).
Thus, the energy produced or consumed by flexible
devices will impact the exchange of power between
the distribution feeder and the ISO (represented by
the source devices). The dispatchable power from
producing and consuming devices contributes to a term
in the objective function zﬁ, which represents either a
cost (for producing devices) or a revenue (for consuming
devices). Specifically, the power from source devices at
the substation is regarded as having a cost, determined
by the LMP. For flexible producing devices, there is a
very small operational cost incurred when these devices
produce power. Fixed consuming devices such as houses
and buildings generate a regulated revenue and are
therefore not considered in this context. On the other
hand, a flexible consuming device is assumed to be
price-driven, contributing to revenue. The objective
term is expressed as:

S=dy Y Sipis (16)
PED;

2.9. Branch Devices and Overflow Penalties

Branch flows are subject to limits that are modeled
as soft constraints, with an overflow incurring penalty
that appears in the objective. For each branch 7 € J*
and time interval ¢ € T, a Static Branch Rating (SBR)
is used to limit the active power that can flow through
the device. It is modeled as a soft constraint. Thus,
the branch overflow is represented as a non-negative
variable pj+¢t > 0, and the penalty z P is defined as:

S, w
PEPD;
The SBR limit is then represented by:
Ipsoe] < D% + Dy, (18)
\W—/
oy

Using distribution factors Ferndndez-Ramirez and
Grijalva (2022), we can approximate:

Pjgt = Z Z 8p]¢pi¢t 19)

i€l pEPD;

where Op;s/0pip is a sensitivity relating power flow
changes w.r.t changes in active power injections.

3. Distribution Branch Screening

As is the case in transmission networks, we claim
that there is only a small subset of distribution branches
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that are going to be binding constraints. Thus, there is
no need to model | V| equality constraints for enforcing
active power balance. Power balance can be satisfied
using a “load balancing” approach:

> pis =0, ¢€{a,bch (20)

i€l

In other words, the net injection at every time-step
for each phase must be zero. The combination of
(20) and Algorithm 1 to determine which branches
are binding constraints, is termed DBS-ES. In our
implementation, we kept the parameters described
in Xavier et al. (2019), i.e., setting k = 5, using
sparse linear algebra libraries for matrix manipulations,
employing priority queues for representing I', and
parallelizing flow approximation computations.

Algorithm 1: Distribution Branch Screening

1 Build a relaxed energy scheduling model
without branch rating constraints

2 Solve

3 Compute branch power flows p;4; using (19)

4 Let vj4t = max{pjor — P50, —pjot — Py’ }

5 LetI' = {(jot) : vj4e > 0} be the set of

branches with violations

6 if ' = {} then

7 ‘ return

8 else

9 Keep in I the k branches with the highest
violations

10 For every violation in I', add the
corresponding cut to the model
11 Go to step 2

4. Experimental Setup
4.1. Framework

Figure 2, shows the framework for computing
Operating Envelopes (OEs) using Energy Scheduling
(ES). First, an initial Quasi-Static Time-Series (QSTS)
simulation is performed on a particular network and
given a day-ahead load profile for every load. This
initial simulation has a granularity of 1 hour and might
have voltage or power flow violations. It also provides
a warm-start for ES, which is intended to orchestrate
distributed devices while enforcing that grid (ANSI
voltage limits and branch limits) and device constraints.
Since DER are managed to meet system constraints,
their dispatch power is considered the dynamic OE,
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Figure 2. Energy scheduling (ES)-based computation
of operating envelopes, red dotted lines are limits. The
input to ES is a Quasi-Static Time Series (QSTS)
simulation with disabled controls. This simulation might
include constraint breaching. Then, ES is used to
enforce grid limits by managing device outputs. As a by
product, Operating Envelopes (OEs) are obtained.

ie., if all devices follow the scheduling plan, no
constraint will be violated. In particular, Figure 2
show the computed demand OE (negative sign) at a
particular connection site. The area under the curve
represents the kilowatts (kW) that a flexible load (rated
at 20 kW) can draw from the network (at that site)
without contributing to breaching a network limit. Since
ES employs an approximate linear formulation of the
distribution network, there is a need to run a new
QSTS simulation with the scheduling results to recover
AC feasibility. The proposed framework is then a
sequential two stage process which alternates between
solving efficient power flow-based QSTS simulations
and linearized resource scheduling.

4.2. Technology Stack

Figure 3, presents a technology stack for the
proposed framework. The architecture incorporates
a Python API for the OpenDSS' version provided
by Dheepak and Meira (2024). On top of this
API, we developed a custom wrapper to facilitate
the management of QSTS simulations. In general,

'OpenDSS is an open-source distribution system simulator
designed to support distributed resource integration and grid
modernization efforts.
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Figure 3. Technology stack for the proposed
Sequential Energy Scheduling. A custom Quasi-Static
Time Series (QSTS) simulation wrapper is developed in
Python leveraging the OpenDSS API and data
manipulation libraries. Then, JSON files are used for
interfacing with Julia where the Energy Scheduling
model is built and solved. Scheduling results are sent
back to the QSTS module for recovering AC feasibility

OpenDSS is responsible for handling the nonlinear
network and providing power flow-based solutions.
Interaction with Julia is established through a JSON
interface. This interface closely follows the standard
provided by PowerModelsDistribution Fobes et al.
(2020). In Julia, the ES problem is formulated as
a LP using JuMP (Julia’s mathematical optimization
interface). Subsequently, the scheduling results are sent
back to OpenDSS for recovering AC feasibility.

4.3. Simulation setup

We employ three test feeders implemented in
OpenDSS, namely the IEEE13, IEEE123, and EPRI
Secondary network. All available at EPRI (2022, 2024).
For both the IEEE123 and IEEE13 we use the default
daily loadshape available in OpenDSS. For the EPRI
Secondary network, we use the first day of data of from
the yearly loadshapes shipped with the test feeder. To
feed costs to our simulation, at the substation, we assign
LMPs from a simulation of the bulk transmission system
in the Southeast, USA. Flexible generation costs are
assumed to be fixed at 0.01 [$/kWh]. Overflow penalties
are assumed to be fixed at 10 [$/kWh]. Demand
response costs are assumed to be fixed at 5 [$/kWh].
Flexible demand revenues are assumed to be fixed
at —0.1 [$/kWh]. Finally, we assume single-phase
batteries with a maximum capacity of 20 kWh and a
maximum charging/discharging limit of 7.6 kWh.

Other assumptions include no change in network
topology and disabled control actions such as substation
transformer LTC and capacitor controls.  Further,
we assume that all system connections, including
transformers and loads, are assumed to be Wye-Wye.

Finally, we assume unity power factor control for
scheduled injections.

5. Results

5.1. Energy Scheduling-based Operating
Envelopes

Table 1 shows a clock time comparison of both the
proposed DBS-ES and the baseline energy scheduling
formulation (ES) presented in Section 2. In every
case, both formulations obtain the same objective value.
The proposal build time is smaller than the baseline.
Since the proposal requires a screening algorithm, the
solve time is larger compared to the baseline. For
two of the three considered networks, the proposal
achieves a better overall time than the baseline. When
investigating, we noted that the EPRI secondary network
has very large branch limits, which renders the screening
algorithm unnecessary. This step just increases the
overall solution time.

Rows 1 and 2 of Figure 4 show the obtained
operating envelopes under two different conditions for
bus 65 of IEEE123 test case. The first condition shows
the demand-only envelope. It assumes that a customer
on this bus can extract at most 20 kW of flexible load
at every phase. In this case, we note that for phases 1
and 3 the operating envelope only allows this load to
be connected for one hour. On the contrary, phase 2
has plenty of hosting capacity for extra load, excluding
the peak hours of the feeders between 12 and 3 pm.
The second condition showcases a joint (computed at
the same time) demand and generation envelopes. This
is the most general case in which there is a target
of 20 kW of flexible demand and a target of 10 kW
injection. Since this circuit has low overall voltages
and overflow at a few distribution lines close to the
substation during peak hours (see the first two figures
of row 3), the scheduling allows any power injection
when available. Lastly, row 3 shows the voltages at
every bus (highlighted at bus 65) and power flow at a
selected line assuming operating envelopes for the third
condition discussed above. In general, we see that the
scheduling is able to determine the operating envelopes
while effectively enforcing constraints.

Finally, Figure 5 shows the effect of storage on the
operating envelopes for bus 65 of IEEE123 with phase
1 highlighted. From Figure 4 we know that phase 1 is
both the most loaded and with the lowest voltages of the
three phases. Storage helps by increasing the demand
hosting capacity of every phase. At phase 1, it increases
the number of hours (during the early morning) in which
the flexible load can be connected. However, even when
discharging completely during peak hours, there is no
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Table 1. Numerical comparison of the proposed Distribution Branch Screening Energy Scheduling (DBS-ES) and
standard ES formulations for computing operating envelopes.

DBS-ES ES
Circuit Build time Solve time Total time Obj value Build time Solve time Total time Obj value
EPRI Secondary | 1.724+0.099 1.061+0.100 2.78440.174 -380.24 2.208+0.084 0.467+0.050 2.675+£0.111 -380.245
IEEE13 0.261+£0.030  0.141+0.016  0.402 £ 0.028  29204.46 | 0.34140.028 0.084+0.008  0.425+0.031 29204.46
IEEE123 9.965+0.789 5.193+0.409 15.158 £1.006 20284.88 | 13.204+0.586 3.303+£0.251  16.5074+0.620  20284.88
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Figure 4. Energy Scheduling (ES)-based Operating Envelopes (OEs) and grid constraints. Row 1 and 2 present the
ES-based OEs for two different conditions: demand only and demand and generation (The sign assumption for power
injection is negative for demand and positive for generation) at bus 65 of IEEE123. Row 3 shows input and output to

ES which enforces constraints on system voltages and power flows.
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Figure 5. Energy Scheduling (ES)-based Operating
Envelopes (OEs) with a Battery Storage System (BSS)
composed of three-single-phase batteries at bus 65 of
IEEE123 test case. State of charged (SOC) highlighted
for battery connected to phase 1. In this case, OEs are

computed for both demand and generation.

room for a flexible load to be connected at phase 1
during these hours.

5.2. Equilibrium of Iterative Approach

Since the proposed approach requires iterating
between an efficient nonlinear QSTS simulation and
a linearized energy scheduling, this section presents
results regarding the equilibrium of the solutions.

From the OpenDSS QSTS simulation, we can obtain
total circuit losses (mismatch between total generation
and total demand) at each point in time. Figure 6,
shows circuit losses through iterations (each color is
a different iteration). In total, we ran the experiment
for 10 iterations. In Row 1, the first iteration (blue
line) represents the losses of a QSTS simulation before
scheduling. Subsequent iterations (after solving the
scheduling and running an updated QSTS simulation)
are visibly less variable. In Row 2, we removed the large
blue line from Row 1 to better appreciate variability due
to computation method i.e., ES and DBS-ES. In general,
we can notice more variability through iterations in

Page 2932



the ES solution. This suggests that the ES solution is
oscillating. On the contrary, the solution from DBS-ES
is stationary through iterations, converging to the same
loss profile after a few iterations.

ES DBS-ES

S LSS S SS

S S S & &
S QO O O.Q K K Qo S £
WA RN R RN RN RN AN BN g

P E TR
Time Time
Figure 6. Active power losses through time and
iterations of the sequential approach. Different colors
represent iterations. Row 2 is the same as Row 1 but
removing the initial QSTS losses (large blue line) for
each case.

To further analyse the solution quality of the iterative
approach, Figure 7, show voltage magnitude errors
through iterations. In general, let V;; € RV*7 be a
voltage magnitude matrix (for all nodes and time steps)
at iteration it. The norm of matrix V1 — Vjyq is
then a notion of similarity between solutions at different
iterations. The approach involves reaching a stationary
point in which the difference between voltage matrices
at subsequent iterations is small.

From analysis of the losses experiment, we know
that the ES solution is oscillating. Figure 7, shows
this effect by employing different error metrics. In
general, the L1, Linf, and Frobenius norms all show
that the DBS-ES solution has smaller error than the
solution from ES (which is consistent with the previous
experiment). It is particularly interesting the graph from
Linf since it is effectively showing that the solution
from ES is oscillating while the solution from DBS-ES
reaches an equilibrium point.

The Linf norm of a matrix, takes the maximum L1
norm of its rows. In our case, the rows are timeseries
differences of voltage magnitudes at the same node.
Since we are feeding our model the same costs for
demand response, flexible generation, and flexible load
at every node, it is likely that the problem has multiple
solutions (due to employing defaults rather than more
diverse values). The ES solution seems to be particularly
sensitive to this issue. On the other hand, the DBS-ES
solution is more resilient. In particular, DBS-ES

consistently finds the same solution. This could be due
to it enforcing the thermal limits of lines with largest
violations first and thus driving the optimization engine
to the same solution each time.
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Figure 7. Voltage magnitude error (in Volts) for all
nodes per iteration. The error is computed using four
different norms on the voltage magnitude matrix
difference at each iteration.

6. Conclusion

We introduced an energy scheduling-based
formulation for computing operating envelopes using a
custom distribution branch screening algorithm, termed
DBS-ES. In particular, we demonstrated the viability
of computing operating envelopes using a scheduling
formulation. Further, we improved the formulation by
introducing a distribution branch screening algorithm.
This algorithm is inspired by the unit commitment
(transmission-level problem) in which it is well-known
that not all transmission lines are going to be binding
constraints. It turns out that the same concept applies
in distribution feeders where only a small subset of
branches are going to be overloaded. Moreover, in
such overloaded branches, not all phases are going to
be overloaded. Thus, doing a phase-by-phase analysis
is an effective way for both enforcing voltage ANSI
and power flow ratings, while computing operating
envelopes using scheduling. Results on three different
distribution networks demonstrate the viability of
computing operating envelopes using scheduling. The
proposed DBS-ES further improves the performance of
such computation by showcasing a percent decrease of
24.5% in model building time and a percent decrease of
8.17% in total processing time, while maintaining the
same scheduling result as the baseline.

In future work, the authors will explore notions of
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dynamic pricing for electric vehicle charging and its
impact on computing operating envelopes. Also, the
authors will consider different power flow formulations
and continue leveraging power flow-based solutions as
warm-start for optimization and AC feasibility recovery.
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