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Abstract—The rapid growth of electric vehicle (EV) adoption
is reshaping the operational dynamics of distribution systems,
necessitating reevaluation of and innovation in grid infrastructure
and management strategies. With increased EV penetration,
utilities face increased uncertainty regarding feeder loads, voltage
regulation, and capacity for EV charging infrastructure. Hosting
capacity analysis has become a crucial tool in assessing the
maximum level of EV penetration that feeders can support
without violating system limits. However, evaluating the impacts
solely at the distribution level is no longer sufficient, as charging
behaviors also influence transmission-level operations, includ-
ing ramping requirements, reserve scheduling, and congestion.
This paper presents a multi-level co-simulation framework that
integrates transmission and distribution system dynamics with
a high-fidelity EV charging model to explore how coordinated
charging incentives, such as Time-of-Use programs, affect both
local distribution systems and the broader transmission market.

Simulation results demonstrate the broader implications of
localized charging schemes, with time-based incentives showing
effects on load profiles and locational marginal prices (LMPs) at
the distribution level. Overall operational cost effects, however,
were not meaningfully seen until the transmission level. This
work emphasizes the need for multi-scale simulation tools that
can support grid planning and operational decision-making in
high-EV adoption scenarios. It also lays the foundation for
future studies on transactive energy models and their potential
to optimize grid operations across multiple domains.

Index Terms—Electric vehicles, co-simulation, economic dis-
patch, wholesale markets

I. INTRODUCTION

Electric vehicle (EV) registration counts in the United States
have increased substantially, with the U.S. DOE reporting an-
nual growth rates of over 20% for each year from 2016 to 2023
[1]. The rapid adoption of EVs is driving substantial changes
to the operational behavior of distribution systems and am-
plifying interdependencies across the transmission—distribution
(T&D) interface. As EV charging becomes increasingly con-
centrated at residential and commercial nodes, utilities face
growing uncertainty in feeder loading patterns, voltage reg-
ulation requirements, and provisioning of capacity for fast-
charging infrastructure. Hosting capacity analysis has become
a critical tool for quantifying the maximum EV penetration
that feeders can accommodate without violating thermal limits,
voltage bounds, or protection constraints. Studies have shown
that uncoordinated charging can significantly reduce hosting
capacity—driving transformer overloading, voltage deviations,
and reverse power flows—particularly in feeders with high
residential clustering or limited voltage support [2], [3]. These
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constraints grow more pronounced with the introduction of DC
fast chargers (DCFC), which can exceed feeder headroom even
at low adoption levels.

However, evaluating EV impacts solely at the distribution
level is increasingly insufficient. Charging behavior directly
alters the net-load profiles observed by transmission operators,
influencing ramping requirements, reserve scheduling, and
regional congestion patterns. To capture these interactions,
integrated T&D co-simulation has emerged as an essential
methodology, enabling the concurrent modeling of unbalanced
distribution feeders and transmission-level economic or dy-
namic simulations. Co-simulation platforms such as HELICS
allow researchers to evaluate how distribution constraints
affect system-wide peak formation, or how transmission-level
locational marginal prices (LMPs) induce synchronized V1G
charging that stresses local feeders [4], [5]. This cross-domain
feedback highlights the need for multi-scale simulation frame-
works to support accurate planning and operational decision-
making under high EV adoption.

At the same time, the evolution from unidirectional charging
(V1G) towards bidirectional vehicle-to-grid (V2G) capabilities
introduces both operational complexity and new opportunities
for flexibility. V1G managed charging can mitigate operational
violations by shifting load away from peak periods, reducing
feeder congestion, and improving load-ability margins. V2G
extends these capabilities by enabling EVs to inject power
back into the grid, providing fast-response services such as
frequency regulation, peak shaving, and localized voltage
support [6], [7]. When modeled within integrated T&D co-
simulation frameworks, V2G resources demonstrate the poten-
tial to relieve both transmission-and feeder-level constraints,
thereby expanding effective hosting capacity. Yet widespread
deployment requires detailed modeling of user availability,
charger behavior, degradation costs, and coordination strate-
gies that account for constraints across both system layers.

Overall, the combined assessment of hosting capacity, T&D
co-simulation, and V1G/V2G flexibility is essential for under-
standing the holistic impacts of transportation electrification.
Such integrated studies enable utilities and system operators to
identify infrastructure needs, develop coordinated operational
strategies, and ensure reliability and economic efficiency in
future high-electrification scenarios.

Towards that goal, this paper presents a method for the
inclusion of these components in a multi-level co-simulation
incorporating transmission market, distribution system, and
high-fidelity EV charging simulations; demonstrating the im-
portance of capturing the interaction between these levels.
Specifically, this work looks at how a decision at the individual
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user level (when to charge a personal EV), influenced en masse
through an incentive program, can translate to effects at the
transmission market level. The key contributions of this study
are (1) A high fidelity EV response modeling approach that
can capture vehicle availability at feeder connection points,
charging characteristics for a range of EV chargers, and
incorporate EV-management solutions, (2) Integration with a
co-simulation framework to evaluate the impacts of EVs across
the T&D boundary and (3) Demonstrating, through a Texas-
based use-case, the integrated T&D impacts of uncoordinated
EV controls at varying penetration-levels.

II. MODELING EV RESPONSE
A. Charger Model

When charging batteries, the rate at which they can be
charged is a function of the electronics involved as well as the
battery chemistry. This effect is most notable when charging
batteries quickly, leading to a rapid drop off of charging rate as
the battery becomes full. This behavior can be seen in figure
1, which demonstrates how charging rate is affected by the
battery SOC. P and C rates refer to the rate of charging
scaled to the capacity of the battery. P refers to the energy
delivered to the battery (W/WH) while C' refers to the current
(A/AH) with a rate of 1 being the rate at which the battery
would charge completely in an hour. The exact design of
this charging behavior is based on Caldera: Electric Vehicle
Charging Simulation Platform [&].
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Fig. 1. Charging rate as a function of battery SOC for NMC batteries

This model covers behaviors during both the constant cur-
rent and constant voltage modes of DC EV chargers. These
transition points and the exact behavior before and after the
transition are dependent on both the charging rate and the type
of battery being charged. At the charger level, the details of
each vehicle and charger are kept in order to properly keep
track of exactly where the electric vehicle loads are occurring.
Customer behavior and vehicle technical specifications are
captured in order to model the vehicle’s battery and schedule
both use and charging availability.

B. Controls

When broader management of EV-charging is reasonable,
such as for commercial chargers at a single station, fleet
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charging stations, or for DER aggregation, multiple chargers
are placed under a management entity. These managers can
then set charging schedules taking into account the limitations
set by the vehicle schedules as well as the technical specs of
both the vehicles and chargers themselves. This allows for sim-
ulation of various charging schemes in order to analyze their
impact on the transmission and distribution systems within the
other components of the co-simulation. Demonstrated in the
results section of this paper is an example of residential EV
controls that restrict charging during a set period of time.

III. OVERVIEW OF THE SIMULATION COMPONENTS

This co-simulation is separated into three individual sim-
ulation components coordinated by the co-simulation tool
HELICS. This coordination involves maintaining a consistent
simulation time across the components as well as the transfer
of necessary data between components. Coordination between
the components allows for control schemes informed by the
state of the system (e.g. voltage control at the distribution level
or altering loads based on prices from the real time market).
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At the transmission level, the transmission grid is simulated
to capture network and generation limits, perform a power-
flow analysis of the grid, and communicate back the resulting
voltages to the distribution level simulation. The transmission
market is also simulated in order to set generation schedules,
determine LMPs, and communicate those prices back to ag-
gregators and EV-controllers at the more granular levels of the
co-simulation in order to better inform their decisions.

The inclusion of the transmission market simulation cap-
tures when and how behaviors and controls at the more
granular levels of the co-simulation have an effect on the
market and allow for a feedback loop where meaningful
communication can occur between a control scheme and the
market. Electric vehicle controls can have an effect on prices
and those prices in turn can affect the electric vehicle controls.
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Fig. 3. EV example charging simulation: residential chargers only

B. Distribution Simulation

At the distribution level, regular residential and commercial
loads are simulated as part of a distribution network. The loads
simulated at this level are combined with the electric vehicle
loads simulated elsewhere in order to simulate full substation
loads to be communicated to the transmission level.

This is where stresses on distribution components such as
transformers, lines, and substations can be analyzed. These
stresses can also be communicated back to the EV controls to
simulate real-time adjustments meant to alleviate said stresses.

C. EV Charging Control Simulation

At the simulation control level, the coordination and mon-
itoring of the individual EVs, chargers, and management
entities are handled. These details are simulated at the EV-
control level and communicated back to the other levels in
the form of loads. For the distribution system, individual
loads from chargers are communicated by location. For the
transmission market, any aggregated DERs that participate in
the market can send updated bids and capacity limits. This
charging control covers EV chargers that are part of DER
aggregation, commercial chargers, and fleet chargers; leaving
residential chargers that are not a part of DER aggregation to
act independently.

An analysis of the impacts of the features included at the
charging control level is seen in figures 3, 4, and 5. For this
demonstration, 57 EVs are included which initially only have
residential AC chargers available.

The inclusion of commercial DCFCs in Fig. 4 demonstrates
the expected reduction in residential loads. The much higher
load associated with DC chargers results in a significant peak
for commercial chargers. With the inclusion of more accurate
charging limitations in Fig. 5, the likelihood of multiple
chargers simultaneously charging at their maximum rate is
significantly reduced, leading to a more accurate commercial
load peak while maintaining the residential load reduction
associated with the commercial charger addition.

The inclusion of both the commercial chargers and the bat-
tery chemistry charging limitations enables the simulation to
accurately reflect both the reduction in stress that commercial
chargers can provide to the residential load and the increased
stress caused by the same chargers elsewhere on the network.
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Fig. 4. EV example charging simulation: commercial DC chargers included
with no battery chemistry charging limitations
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IV. TEST SYSTEM DESCRIPTION
A. ERCOT Model

To provide the transmission component of the co-
simulation, an 8-bus transmission model of ERCOT was
utilized (see fig. 6). This model includes 606 generators as
well as actual load data of the ERCOT weather zones and
variable renewable energy (solar & wind) generation data for
2021 obtained from [9]. The test system was simulated for
four sample days in August 2021 and the market operations
were emulated as a day ahead market executing a multi-
period security constrained economic dispatch every 24 hours,
a real time market executing an optimal power flow every
5 minutes adjusting resource commitments based on the day
ahead market, and a power flow followed by adjusting slack
and communicating system voltages every minute.

Demonstrating the efficacy of this transmission model, the
generation mix and the LMPs were compared to the actual mix
of dispatched generators and historical LMPs from the ERCOT
ISO in previous work [10]. The dispatch of the generation mix
obtained from the wrapper-simulation aligns closely with the
actual generation mix of ERCOT.

Since the majority of the computational burden for the
transmission market optimization comes from the nonlin-
ear constraints and mixed integers introduced by the 606
generators, scaling to a more detailed transmission model
would be possible without excessive computational load as
the transmission constraints can be reasonably linearized.



Fig. 6. 8-bus model of ERCOT

B. Distribution Model

To appropriately represent regional demand characteristics,
GridLAB-D based distribution grid models have been used.
The distribution system was modeled using an urban proto-
typical feeder (R4-12.47-1) [1 1] as the system was considered
to be connected at a transmission bus at the South Central (SC)
weather zone of Texas, which is mostly urban in demograph-
ics. The feeder has been configured with an SC-specific cus-
tomer mix and end-user loads including temperature-sensitive
loads like HVAC systems, water heaters, other plug loads and
EVs. To appropriately represent typical regional responses, the
customer asset parameters are based on an energy consumption
survey further details of which are presented in [12]. The
authors’ prior work in [12] also quantifies the fidelity of the
distribution grid models through a set of statistical metrics
comparing the simulated load with actual ERCOT load includ-
ing R? values of 0.91 (summer). The residential EV behavior
is represented using residential car driving schedules gathered
from the 2017 National Household Travel Survey [13].

V. IMPACT OF CHARGING SCHEMES

For the combined simulation, a simple time-based control
was modeled where an adjustable percentage of the EVs in
the system would not charge during peak hours, which were
defined as 5:00 pm to 10:00 pm. The details of how to achieve
these levels of participation are outside the scope of this work,
so the adjustable percentage of participants acts as a stand-in
for the willingness of customers to participate. Surveys suggest
solutions such as time-of-use tariffs may be a more popular
solution than they currently are when EV ownership is higher
and customers feel more in control of their own energy usage
[14]. For maximum impact, commercial chargers were not
available during this simulation, meaning that the charging
of all EVs in this simulation occurred at the residential level.

Figure 7 demonstrates the effect of the control scheme. The
notable features are the decreased loads during the controlled
period (highlighted in green) and the prominent peak that
occurs just after the end of the controlled period when the
EVs that were restricted to charge due to the controls suddenly
reconnect together. Both of these features can be seen to
increase in magnitude as program participation increases.

The simulated substation load including all residential,
commercial, and EV chargers is shown in figure 8. At all
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Fig. 7. EV residential loads at a single substation at increasing levels of
participation in a restricted charging period (5:00-10:00pm, in green)
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Fig. 9. LMPs at bus 5 at increasing levels of program participation.

levels of program participation, it can be seen that the peak
load during the disincentive period decreases. At the highest
75% participation level, the load following the disincentive
period is large enough to become the new peak load each day.

Demonstrating the market effects of the control-program,
the LMPs at the bus containing the simulated EVs are shown
in figure 9. During the restricted period, prices decreased in
response to the corresponding decrease in load. Following the
restricted period, prices rose in response to the EVs participat-
ing in the program coming back online simultaneously. Both
of these effects increase with increasing participation.
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Fig. 10. (Day ahead market prices) - (real time market prices) for bus 5

LMP spread, or the differences in price between the day
ahead market and the real time market, is an indicator of
market inefficiency. In this case, the inefficiency is partially
a result of the program participation not being reflected in the
day ahead market load prediction. LMP spreads were most
pronounced at the highest levels of participation (Fig. 10).

Operational costs were calculated according to (1), com-
bining the predicted loads (PP4M) and LMPs from the day
ahead market assessment with the actual loads (PAC““”)
and cleared prices (LM pRTM ) from the real time market
simulation. Costs were summed over all buses (i) and time
periods (t) for the full simulation duration (7).

T 8
Cost-of-Operation = Z Z [LMPZ-DAM(t) X PiDAM(t)} +
. ; t bus=i (1)
Z Z [LMpf%TNI(t) % {PiActual(t) _ PiDAM(t)}]
t bus=i
Table I includes the operational costs at the simulated bus
level as well as at the full ERCOT system level. It should be
noted that smaller levels of restricted charging participation
(25% and 50%) resulted in reduced costs from peak shedding,
however, at higher levels (75%) the effect of the sudden load
increase at the end of the restricted period began to outweigh
the peak shedding effects and costs began to rise instead.

TABLE I
OPERATIONAL COSTS FOR THE 4-DAY SIMULATION

EV Program Simulated Bus Costs System Costs
Participation Total Change Total Change
0% $31,653,856 - $285,172,857 -
25% $31,653,364 -$492 $285,124,883 | -$47,974
50% $31,653,158 -$698 $285,087,340 | -$85,517
75% $31,653,256 -$600 $285,098,393 | -$74,464

At both levels, the cost change associated with program
participation was a small percentage of overall costs, but the
far-reaching consequences of the program ended up being
more notable than they may have appeared at the local level.
At the individual bus level, the savings from 50% participation
were only $698, but at the system level this effect ballooned
to $85,517; far beyond a proportional effect that one might
expect. This shows that the bulk of the change in cost was
due to effects outside the bus where the program occurred.
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VI. CONCLUSIONS

This study underscores the importance of multi-level co-
simulation in capturing the complex interactions between
transmission and distribution systems under high EV penetra-
tion. By integrating detailed EV charging behavior, distribution
system constraints, and transmission market dynamics, we
demonstrate how local control schemes, such as time based
controls and incentives, can have significant, far-reaching
effects on grid operations, including both local and system-
wide economic impacts. The results reveal that even simple
charging incentives can lead to noticeable changes in load
patterns, voltage regulation, and system-level LMPs.

While this work demonstrates the value of integrated sim-
ulation for understanding the steady-state impacts of EV
charging behaviors, further research is needed to explore
more complex charging schemes and the role of commercial
and fleet charging stations. Additionally, the development
of transactive energy models and advanced distribution grid
service controls will be crucial for optimizing grid reliability
and efficiency in future electrified energy systems.
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