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ABSTRACT

In China, electric vehicle (EV) fast-charging power has quadrupled in the past five years, progressing
toward 10-minute ultrafast charging. This rapid increase raises concerns about the impact on the power
grid including increased peak power demand and the need for substantial upgrades to power infrastruc-
ture. Here, we introduce an integrated model to assess fast and ultrafast charging impacts for represen-
tative charging stations in China, combining real-world charging patterns and detailed station
optimization models. We find that larger stations with 12 or more chargers experience modest peak
power increases of less than 30% when fast-charging power is doubled, primarily because shorter charg-
ing sessions are less likely to overlap. For more typical stations (e.g., 8-9 chargers and 120 kW-charger™"),
upgrading chargers to 350-550 kW while allowing managed dynamic waiting strategies (of ~1 minute)
can reduce overall charging times to ~9 minutes. At stations, deploying battery storage and/or expanding
transformers can help manage future increases in station loads, yet the primary device cost of the former
is ~4 times higher than that of the latter. Our results offer insights for charging infrastructure planning,
EV-grid interactions, and associated policymaking.

© 2025 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The global stock of electric vehicles (EVs) surpassed 40 million
in 2023 [1]. The annual global sales of EVs increased at a nearly
exponential rate over the past 4 years: 3 million in 2020, 6.6 mil-
lion in 2021, 10.5 million in 2022, and 14 million in 2023 [1-4].
According to recent projections, the global stock of EVs would need
to increase to 525 million in 2035 to meet current policy plans [1].
Among jurisdictions worldwide, China has the largest EV market in
the world. Its EV stock, comprising battery EVs and plug-in hybrid
EVs, exceeded 21 million in 2023 [1], which was over half of the
global inventory for that year. Playing a critical role in strategies
to achieve carbon neutrality, EVs will maintain a fast-growing
trend while potentially offering more flexible power demands that
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could aid grid accommodation of variable renewable power gener-
ation [5].

Widespread EV deployment poses challenges for charging
infrastructure. To alleviate pressure on charging accessibility,
China has expanded its charging infrastructure to 11.4 million
chargers (including 3.3 million public chargers) by September
2024, achieving a ratio of one charger for every ~2.5 EVs [6].
Importantly, the charging power of EVs has been rising signifi-
cantly in recent years. The increases in both EV charging power
and numbers of charging facilities could pose challenges for regio-
nal power systems. In this context, more investigation is needed of
the intersection of charging behavior of EVs and charging stations
as power levels rise, the resulting impacts on the grid, and the costs
of potential solutions.

Fast charging of EVs conventionally refers to direct current (DC)
charging at a power of 30 kW or above, as is increasingly deployed.
Ultrafast charging, also called extreme fast charging, is a less stan-
dardized term for a type of fast charging. It refers to speeds of EV
charging comparable to that of refueling gasoline or diesel cars,
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generally understood as 10 minutes or less [7,8]. Typically, EV
ultrafast charging depends on two factors: whether it can accept
high charging current rates, and whether the charging facilities
can provide the high-power input. For batteries, studies of ultrafast
charging prevailed much earlier than deployment for actual vehi-
cles [9]. The main obstacles to fast-charging batteries concern
insufficient electrolyte transport properties and cathode particle
cracking [8]. An ultrafast 10-minute charge usually needs a charg-
ing current rate equal to or higher than 6C (the C-rate is a standard
measure of charge/discharge rates relative to battery capacity). Sig-
nificant progress on this front has been achieved. For instance, Lu
et al. [10] demonstrated the design of a novel structure in the gra-
phite anode for lithium-ion batteries, which could realize a state-
of-charge (SOC) increase of 60% in 6 minutes (at a charging current
rate of 6C). Ye and Li [11] presented a solid-state battery design
with Li metal anodes, NMC811 cathodes, and multilayer elec-
trolytes. With this configuration, the capacity of the battery could
retain a charge of 82% after 10 000 cycles at a 20C charging rate.
Driven by growing demand in EV markets, fast-charging technolo-
gies will continue to undergo rapid development. For vehicles, the
fast-charging power of EVs sold in China has increased up to 4-fold
from 30-120 to 60-480 kW over the past 5 years [12-14]. The fast-
charging power of Tesla electric cars (e.g., Model 3) reaches
250 kKW (Supercharger V3) and is planned to be upgraded further
to 500 kW [15,16]. The Porsche Taycan achieves a maximum
fast-charging power of 270 kW such that the 93-kW-h battery
can be recharged from 10% to 80% in 19 minutes [17]. GAC AION
EVs offered a 6C fast-charging option with a maximum power of
480 kW, sufficient to raise the battery SOC from 30% to 80% in
5 minutes [18]. Vehicle-side charging research also focuses on bat-
tery management systems (BMS), which monitor and control bat-
tery activities; important considerations include fast-charging
protocols [19,20] and thermal management [21,22]. On the facility
side, chargers are used to provide dynamic voltages and currents
required by BMSs during EV charging processes. In China, state-
of-the-art DC fast chargers in charging stations usually take a
three-phase alternating current (AC) voltage between 380-480 V
as an input and output a DC voltage between 200-1000 V [23].
To raise power levels and reduce cable weight, EV battery voltages
are elevated from 400 to 800 V [24]. Based on high-voltage proto-
cols, up-to-date deployed DC ultrafast chargers can provide maxi-
mum power of up to 600 kW [25]. Although such ultrafast EV
charging technologies have developed dramatically over recent
years, comparable charging stations have not yet been widely
deployed.

Challenges remain in promoting EV ultrafast charging stations.
First, the concurrent operation of several ultrafast chargers can
easily be responsible for megawatt-level peak power demand, rais-
ing subsequent pressure to power infrastructure. Second, upgrad-
ing to ultrafast charging stations has a high investment cost.
Third, the rapid development of ultrafast charging technologies
may force repeated upgrades of charging stations. Existing studies
have contributed greatly to addressing these challenges. Ahmad
et al. [26] suggested that directly connecting ultrafast charging
infrastructure to medium-voltage grids could help overcome the
vulnerability of low-voltage distribution systems. Meyer and Wang
[27] indicated that better location and capacity planning for ultra-
fast charging stations is important for mitigating negative impacts
on power infrastructure. Fang et al. [28] presented a dynamic pric-
ing scheme for fast-charging sharing systems to alleviate the short-
age of fast-charging stations. Some research also links EV ultrafast
charging research with popular related topics, for instance, smart
cities [27], photovoltaics and energy storage [29,30], and microgrid
scheduling [31,32]. However, research gaps remain in current
studies. First, their use of real-world data is limited: Most studies
rely on macroscopic simulations with designated parameters
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rather than actual EV use patterns, leading to potential biases that
make the findings less applicable to real-world conditions. Second,
they leave the relationship between EV charging power and station
peak loads unclear: There is insufficient understanding of how
increases in EV charging power affect the overall peak load on
charging stations, which complicates accurate grid impact predic-
tions. Third, they lack comparative analysis of upgrade strategies:
There is a need for more research comparing different strategies
for upgrading charging stations to manage increased power
demand, which is essential for informed decision-making.

In this work, we target these research gaps in a comprehensive
assessment of the impacts of EV fast and ultrafast charging for
charging stations in China. We utilize data from real-world charg-
ing sessions at representative fast-charging stations in Beijing,
China to understand the behavioral patterns. Variables include sta-
tion locations (residential, commercial, shopping, etc.), the number
of chargers at each station, station power loads, arrival SOCs,
charging times, and station occupation rates. Scenarios reflecting
technological improvements are devised. Subsequently, we ana-
lyze the relationships between EV charging power and station peak
loads as a function of diverse station scales and locations. For
future charging stations without sufficient power capacity, we
investigate two generalized solutions that can help manage the
load increase: dynamic waiting for EV charging and use of energy
storage. Lastly, we discuss the costs of different upgrade strategies
for fast-charging stations to support ultrafast charging. We find
that increased EV charging power has a limited impact on the
increase in station-wide peak loads, as faster charging sessions
can reduce the probability of overlap between sessions. Just a
few minutes of dynamic waiting or the use of energy storage with
a high power-to-energy ratio can effectively manage surges in sta-
tion loads. In cases where the grid capacity is sufficient, expanding
transformer capacity instead of deployment of energy storage
could achieve similar aims at lower costs. The solutions proposed
here are effective in dealing with the common and more challeng-
ing situations where the grid does not have sufficient capacity. Our
methods and results can be further utilized to study charging
infrastructure, grid impacts, advanced energy storage, and associ-
ated policymaking.

2. Model and scenarios

A holistic, data-driven framework for investigation of EV ultra-
fast charging is presented in Fig. 1. It consists primarily of four
parts: data, behavioral characteristics (charging characteristics),
solutions, and investment costs. The real-world data of EV charging
activities have been collected from the National Big Data Alliance
of New Energy Vehicles (NDANEV) Open Lab. Here, we utilized
real-world EV charging activities at charging stations across ten
districts in Beijing, China, involving a total of over 15 thousand
EVs. Details on the data and preprocessing tools are presented in
Appendix A Section S1. In terms of the investigation on behavioral
characteristics, the dynamic operating states of existing fast-
charging stations are first examined by using EV charging activities
at specific charging stations. The statistical patterns of both
vehicle-level parameters, such as charging power, start/end charg-
ing time, SOC, and fleet types, and charging station-level parame-
ters, such as the station load and the number of concurrent
charging EVs (NOC), are analyzed. Then, simulations for future EV
and charging station activities are performed using designed sce-
narios and extracted real-world vehicle arrival patterns. Supported
by real-world charging behavior and previous simulations, the
operating states of future ultrafast charging stations are investi-
gated statistically. For the solution section, we focus on generalized
options to enable existing charging stations that do not have suffi-
cient power capacity to satisfy future ultrafast charging demands.
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Fig. 1. Overall framework for fast and ultrafast charging station analysis.

A dynamic waiting strategy and the deployment of energy storage
are evaluated. As shown, the peak shaving ability of the dynamic
waiting strategy is achieved by delaying some charging sessions
to reduce or eliminate their overlap. Regarding energy storage,
high-power spikes can be buffered using batteries to shave peak
load. For future upgrade costs, the investment cost differences
between varied upgrading strategies for charging stations are com-
pared and discussed.

We note that although this work uses real-world charging pat-
terns, there are uncertainties in future charging behavior across
different geographic regions. Charging habits could change due to
local policies, costs, infrastructure availability, and climate condi-
tions. In this work, we explore the variability among functional
zones and across different days within a month to improve repre-
sentativeness within the city context. We examine the sensitivity
of results to a wide range of technical trends and the potential
decrease in charging power induced by climate conditions. How-
ever, caution should be advised when generalizing these results
to regions with low population densities, such as rural areas and
along highways.

2.1. Scenarios and simulations for future EV fast and ultrafast charging

To explore future EV ultrafast charging patterns, scenarios for
current and future EV specifications and charging parameters are
established first. Table 1 illustrates 7 scenarios including the
expected year of realization, charging power, battery energy,
20%-80% charging times, and estimated real ranges of future EVs.
The parameters in the scenarios are determined according to
recent literature, technical trends, and an expectation of 10-
minute charging in the next decade (see Section S2 in Appendix
A). Herein, scenario S1 is used to reflect the situation of recent
EVs on sale while scenario S2 is used to suggest up-to-date
advanced EV technologies. Note that not all fast-charging power
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of existing EVs is as high as 120 kW. EVs sold several years ago
may only have fast-charging power of 50-100 kW. The scenarios
S3, S4, and S5 scenarios are designed around expectation that most
EV fleets will achieve 10-minute charging within the next decade,
simulating the anticipated technological trends for this period. Sce-
narios S6 and S7 assume even faster technological breakthroughs
in the future.

For the fast and ultrafast charging simulation, new EV charging
records at the charging station are generated using both real-world
charging patterns and the designated parameters in scenarios.
Real-world arrival patterns (i.e., charging start times) and the dis-
tributions of initial SOCs of EVs upon arrival are employed to sim-
ulate the operating characteristics of charging stations. The
performance indicators of future EVs including power- and
energy-related capabilities are summarized in Table 1. Due to the
excessively long time associated with the final charging stage,
the end SOC is initially set at 80% to avoid conflicts with the pur-
pose of reducing the charging time at ultrafast charging stations.
Through the implementation of specific simulation procedures,
new charging records including start/end times, charging power,
charged energy, and start/end SOCs are obtained. Detailed proce-
dures of the simulation and the calculation of station loads and
NOCs are presented in later sections and Section S2.

2.2. Feature identification for analysis of EV charging behavior

In this work, features that can be used to reflect EV charging
behavior are identified by using records of EV charging activities.
To investigate charging behavior, we focus on start/end charging
times, locations, EV battery states, and fleet types. The input data
take the form of a daily charging activity matrix X¢ on day d, which
is composed of N charging records, each encompassing K features.
They are given as follows:
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Table 1
Scenarios for current and future EVs with fast or ultrafast charging capability.
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Scenario Expected year Charging power (kW); Battery energy (kW-h); 20% to 80% SOC charging time Estimated real range
50% at each value 50% at each value (min) (km)
s1 2024 (existing fleet) 120, 150 90, 100 21.6-30 360-670
S2 2025 150, 250 100, 120 14.4-28.8 400-800
S3 2028 250, 350 100, 120 10.3-17.3 400-800
S4 2030 350, 550 120, 150 7.9-15.4 470-1000
S5 2035 550, 750 150, 180 7.2-11.8 590-1200
S6 2040 750, 1000 180, 200 6.5-9.6 710-1330
S7 2045 1200, 1500 200, 250 48-7.5 790-1670
x4 x4, x4, In terms of final-charging-stage restrictions, we examine the
X ) variation of the average charging power (P;%) and average charg-
(‘1 d' d' ing duration (Tﬁ;ﬁ) for a fleet of EVs when the charging power
Xy Xni 4 XNd increases with or without a final-charging-stage restriction. Ppg

The vector of all the fth features, F?, is extracted by multiplying
matrix X! and an N x 1 vector (zz;) that is equal to 1 at position f
and 0 at all others. The extracted features can be further filtered,
aggregated, or computed according to task goals.

0

d d
X1 X1k

F' =Xz, =
d d
de 1 XNd K

Charging station features such as the station load are generated
by using both aggregation and computation. For instance, the
charging station load Lf at day d and time t is calculated by sum-
ming all individual EV charging power p¢ in kW that is not equal
to O at the given time. Here, time ¢ is defined as a discrete value
with a resolution of 1 minute and a range of 0 to 1440 in a day.
The formulation of the charging station load is given as follows:

Nd
L =>"pd =3 "n(pd0)
i=1

ierd

3)

where If is the set of indices where the charging power at time t is
not equal to 0, # is a function that only returns p? when the relevant
charging power is greater than 0 at time t. The NOC of a charging
station at time t can be calculated in the same way.

2.3. Impacts of increased EV charging power

Increasing EV charging power can not only shorten charging
times but also raise charging station loads. Two aspects of the
impact induced by elevated charging power are analyzed here.
First, with current EV battery technologies, the final charging stage
(usually the last 20%) normally cannot be implemented at the same
high power as in the early charging stage. Under scenarios of
increased charging power, the statistical impact of the final-
charging-stage restriction on charging power and charging times
is investigated using real-world EV charging data. Second, although
the power of individual chargers at charging stations will increase
with rising EV charging power, the shortened times of charging
sessions will lower the probability of overlapping charging ses-
sions, thereby decreasing peak loads. The overall implications of
increased EV charging power on charging station loads are
analyzed.
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is the charging power in KW of an EV and its potential increase is
represented by C,,, the ratio of Pchg at the raised power level to P
at its original level. For instance, in the absence of final-charging-
stage restrictions, a C;, value of 2 indicates that the charging power
is doubled. The formulation of the average charging power is given
as follows:

v Neng v 1 Neng 1 N‘i,s ; .
che = N Zpi =N z — Z @ (Dyy> &> Cra, Si) 4)
chg 59 chg i3 vs w=1

where Ncng defines the number of charging sessions, p{*® indicates
the average charging power in kW of one modified charging session,
N.. defines the number of discrete vehicular states over time in
charging session i, pi, and &, indicate the instantaneous charging
power and battery energy state for index w, Sg designates the type
of final-charging-stage constraints, ¢ is a function that can return a
modified charging power according to the ratio, constraint type, and
battery energy state. Regarding Sg, the final stage of charging is
taken as the last 20% of SOC change, and there are three types of
final-charging-stage constraints considered: a non-constrained final
stage, a constrained final stage, and a dropped final stage (i.e., early
termination), as explained and explored further in Section 4.

ns -—cons

. . . . —nco —drop .
For a specific charging sessioni,p; ,p; ,andp;, indicate
the average charging power for three constraint states of the final
charging phase (SOC > 80%): non-constrained, constrained, and
dropping of the final phase itself, respectively (discussed further
in Section 4.1). They are formulated as follows:

1 f ph1
th+t), {fo Cfapi

i
[.1 +t,
i
[1

(Hdt + Crap™

—ncons

(t)dt}

—cons _ i ot
| = e a0t [ g o]
D; i
! E I3 Cap™ ()dt
(5)
where pf’m (t) and pf’hz(t) are the charging power at time t for phase

1 and phase 2, respectively. The EV SOC in phase 2 is above 80%
indicating the final charging stage. t\ and t, are the duration of
the two phases and y, is a function that can control the charging
power below a given threshold.

The average charging time (Tg%

dividing the charged energy (ef“g) by the average charging power
(p*®) of a specific session i. That is,

) in hours can be calculated by
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2.4. Constraints for station power capacity

We analyze the capability of existing fast-charging stations to
satisfy ultrafast charging demands of EVs. To that end, the power
constraints that can reflect the upper limit of existing charging sta-
tions are defined and used. In 2023, the fast-charging power of
existing EVs ranges normally from 50-150 kW with only a few
EV models extending above 200 kW. However, the goal of ultrafast
charging is to recharge the bulk of the battery energy (such as from
20% to 80% SOC) within 10 minutes. In this regard, the power of
ultrafast charging needs to be as high as 350-750 kW depending
on battery sizes and vehicle types. To reflect the power limit of
existing charging stations, the constraints for the total charging
power provided by a charging station are summarized in Table 2.
In China, the average power of existing chargers at charging sta-
tions is around 60 kW and newly constructed stations reach
120 kW. Based on this, two types of constraints are employed in
the analysis, and the upper limit of the total charging power at a
charging station is calculated by multiplying the number of charg-
ers by the upper power limit of an individual charger. For instance,
if a charging station has 20 available chargers, the upper limit for
the potential total charging power is equal to 1200 kW for
constraint 1 (C1) and 2400 kW for constraint 2 (C2).

2.5. Generalized solutions to insufficient station power capacity

We adopt two types of solutions that can be generally utilized
for various charging stations to address the situation of insufficient
total power capacity. They include a dynamic waiting strategy and
deployment of energy storage. Implementation of the waiting
strategy is based on monitoring the whole process and dynamic
control. Its basic functionality is achieved by the following steps:
(D New arrivals are added to a waiting list in order of their arrival;
and @ readiness of the station to charge each vehicle in turn on the
list is decided based on the existing load states and maximum load
constraints of the station. Any charging sessions that would
increase the load beyond the constraint will be delayed and thus
the load curve is kept below the station maximum. The dynamic
control of the energy storage mainly encompasses the following
steps: (D monitoring the operating states of the charging station
and the energy storage; @ recognizing high-power periods (above
the constraint) and low-power periods (below the constraint) of
the station to ensure that the energy storage system is ready to
accommodate discharge and charge, respectively; and @ deter-
mining whether the storage system should or should not operate
based on the load states and load constraints of the station as well
as the energy and power state of the storage system. The high-

Table 2
Constraints for charging station loads.

Constraint  Description Upper limit of Upper limit of
single charger station total
power (kW) charging power

(kW)
C1 General situation of 60 60 x N8
existing fast-charging
stations
C2 Typical situation of 120 120 x N2
newly built fast-
charging stations
NJE is the total number of originally available chargers (maximum of original

NOCs) at charging station x.
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power charging demand will be satisfied by a combination of grid
power and storage system power. The optimization of energy stor-
age parameters is described in the next section. Detailed proce-
dures of these two generalized solutions are presented in
Section S3 in Appendix A.

2.6. Optimization of energy storage parameters

The parameters of the energy storage system need to be opti-
mized to improve cost-effectiveness while maintaining the func-
tionality of the overall charging system. The parameters of an
energy storage system include the maximum energy capacity,
maximum discharge/charge rates, and minimal operating energy.
Provided that the peak reduction requirement can be met, a lower
capacity of storage can help save investment costs. Therefore, the
parameter optimization assumes a minimization of the maximum
energy deployed in the energy storage system, at the same time
subjecting the system to the constraints required to maintain reg-

ular operation. The equation of the optimal energy capacity, E:tp t, in
kW-h is given below:

0Pt PRSI rov pmax ate st
E; = minimizey (L*, E3™, Ry, P§", Exyin)

st min

(7)

where LP™ is an array of charging station power that need to be
provided to EVs, EG™ is an array of the available values of maximum
energy capacity for storage, Ry, is the maximum discharge/charge
current rate of the storage, P%* is the power threshold that deter-
mines the operation of the storage and is equal to the power con-
straint of the station, E5\; is the minimal storage energy available
during operation, and y is a function that identifies the value of
the utilized maximum storage energy.

3. EV charging characteristics at fast-charging stations

This section investigates the existing and projected charging
characteristics of multiple representative fast-charging stations in
China. To understand the dynamic power demands of typical
fast-charging stations, we look first at the real-world load and
NOC profiles of five fast-charging stations in distinct urban func-
tional zones: residential, commercial, shopping, industrial, and air-
ports. Subsequently, EV charging activities at different charging
stations are analyzed statistically to reflect the patterns of charging
behavior. To study the charging patterns for future ultrafast charg-
ing stations, ultrafast charging activities are then simulated based
on existing real-world charging preferences and studied under the
various scenarios.

3.1. Load and NOC profiles of existing fast-charging stations

Fig. 2 displays the daily load profiles, daily NOC profiles, propor-
tions of fleet types, and distributions of charging times across 5
representative fast-charging stations with different scales and
locations. The 5 charging stations are located at the 5 zones listed
above, respectively. The fleet types are distinguished for each
record and 4 fleet types are included, encompassing private EVs
and public EVs (i.e., fleet light-duty vehicles such as taxis, corpo-
rate cars, and rental cars). The patterns of the load profiles differ
for the five charging stations. Typically, the shapes of charging sta-
tion load profiles are determined by the distribution of arrival
times, charging power, and charging times (duration). In Figs. 2
(b), (f), (j), (n), and (r), the NOC profiles demonstrate the traffic
intensity of charging stations, with the increase in NOCs signifying
new arrivals. The undulating patterns between NOC and load
curves coincide, which suggests a decisive role for arrival patterns
in altering the shape of the load profile.
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Fig. 2. Real-world charging characteristics of five representative fast-charging stations in China: (a-d) residential zone; (e-h) commercial zone; (i-1) shopping center; (m-p)
industrial zone; and (q-t) airport. For load and NOC profiles, the daily curves of 30 days are presented. The maximum NOCs are 4, 9, 9, 8, and 24 for the 5 sites (top to bottom).
For fleet types, the average proportions over 30 days of 4 fleet types are illustrated: private (Pr), taxi (Ta), business (Bu), and rental (Re) vehicle fleets. For charging duration,

the distributions of charging times for different stations are shown.

Fleet types are incorporated to explore patterns. As shown in
Figs. 2(c), (g), (k), (0), and (s), the charging stations in the residen-
tial zone and shopping center include high proportions of charging
by private EVs. Comparing the load profiles of zones with high and
low charging shares of private EVs shows that they are less likely to
cause nighttime (23:00-6:00) high-power loads at public fast-
charging stations, while public EVs are more likely to do so.
Home charging is preferred for private EVs at night. As shown in
Figs. 2(e), (m), and (q), the load during 15:00-17:00 rises for
charging stations with high proportions of public EVs. Since daily
driving distances of public EVs are typically much higher than
those of private EVs, afternoon recharging is commonly used to
serve the higher energy demands of the public vehicles.

The timing and duration of EV charging activities need to suit
the purpose and convenience of EV users. The accessibility of
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charging stations is largely determined by locations. In this regard,
charging stations at varied locations reflect records of distinct fleet
type proportions and different shapes of load profiles. Although
load patterns are different for different stations, the distributions
of charging durations for the five stations considered here are sim-
ilar and the average is around 44 minutes. Improvements in fast-
charging technology will further reduce charging times.

3.2. Statistical analysis of charging patterns

Fig. 3(a) compares the daily average loads versus peak loads at
charging stations across the five representative zones over a
month. The peak loads divided by total charger numbers for the
five stations are shown in Fig. 3(a) inset. Among the five sites,
the airport station experiences the highest charging load (the
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Fig. 3. Behavioral patterns of EV charging activities across different charging stations. (a) The daily average and peak loads as well as the charger number for 5 charging
stations. The inset is the average peak load per charger for 5 sites. The 5 stations are located at the 5 zones: residential zone (Res.), commercial zone (Com.), shopping center
(Sho.), industrial zone (Ind.), and airport (Air.). Np¢ indicates the number of originally available chargers in a station. (b) The ratio of the daily average load to the peak load
versus the charger number for each charging station. Twenty charging stations are included. (c) Time shares of different occupation rates for 5 charging stations. The
occupation rate refers to the percentage of the charging EV number to the total charger number. (d) The distributions of EV arrival SOCs for varied charging stations. (e) The
distributions of the time interval between adjacent charging sessions for 5 sites. Avg: average; Med: median; R?: coefficient of determination.

average daily peak over a month is approximately 500 kW), in
large part because it has the most chargers (i.e., 24). However,
the airport facility achieves the lowest average peak power per
charger of 21 kW, significantly lower than that for the residential
station (50 kW per charger) with only four available chargers.
Fig. 3(b) compares the ratio of the daily average to the daily peak
for different charging stations. The ratio has a roughly positive lin-
ear correlation with the number of chargers for each charging sta-
tion; the Pearson correlation coefficient (rpearson) Of the two
variables is 0.72. Even though the mean of the average-to-peak
ratio is only 0.21, a larger charging station may tend to have a
higher ratio of the average load to the peak load. Fig. 3(c) displays
the time shares of different occupation rates across the five charg-
ing stations. Note that 90.7% of the time collectively across the five
stations features occupation rates of less than 50%, and the resi-
dential station is entirely inactive 59.9% of the time. This indicates
that high occupation rates and high load states of charging stations
occur only over very short periods of time.

To understand the battery levels when users start charging EVs,
we investigate the distributions of arrival SOCs for EVs at the five
stations as shown in Fig. 3(d). Even though the five stations have
distinct scales and locations, the arrival SOC distributions are not
significantly different, with medians ranging from 34% to 44%. Note
that the share drops sharply at SOCs below 20%, suggesting vigilant
avoidance of low battery levels. Fig. 3(e) compares the distribu-
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tions of the time intervals between completed and newly initiated
charging sessions for the five stations, reflecting the frequency of
arrivals. The median time intervals for the airport and residential
stations are 4 and 39 minutes, respectively. This illustrates that
arrivals at the airport charging station are more frequent. Note that
the frequency of arrivals at a charging station can also be affected
by many factors such as the location, weekdays vs weekend days,
electricity prices and charging fees, weather conditions, and ser-
vice quality.

3.3. Ultrafast charging simulation and load estimation

In this work, 7 scenarios (see Table 1) with real-world arrival
patterns are used for ultrafast charging simulations to analyze
future operating states of charging stations. To illustrate the evolu-
tion from existing fast charging to future ultrafast charging, the
daily profiles of the airport charging station are contrasted for four
scenarios (S1, S3, S5, and S7) in Fig. 4. By comparing Figs. 4(a)-(d),
the load profiles under higher charging power are more discrete
(the EV charging power rises from scenarios S1 to S7, as shown
in Table 1). This is because although the arrival patterns for the
various scenarios are set to be identical, shorter charging times
can significantly reduce session overlaps. From scenarios S1 to
S7, the maximum EV charging power rises tenfold (from 150 to
1500 kW), but the peak load increases by only a factor of 4.90
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Fig. 4. Daily load profiles of a charging station for different scenarios. (a-d) are the
daily profiles for scenarios S1, S3, S5, and S7, respectively.

(from 1.41 to 6.90 MW). This indicates inconsistent increases of EV
charging power and charging station loads, which is examined fur-
ther in the next section.

To investigate future peak loads, the monthly peak loads and
average/peak (Avg/peak) ratios are depicted for the 5 charging sta-
tions across the 7 scenarios in Table 3. For all five charging stations,
the peak load increases 5-7 times from S1 to S7 but the Avg/peak
ratios decrease to 23.1%-30.7% of their original values. Since the
arrival patterns are fixed across scenarios, the decreasing trend of
Avg/peak ratios indicates that more load spikes and lower load
averages occur as the scenarios move further into future ultrafast
charging capabilities. Importantly, higher peaks of charging loads
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not only raise the costs of distribution transformers and cables in
charging stations but also negatively impact the power grid. In this
context, strategies to shave peaks of the EV charging load might
become essential for ultrafast charging stations of the future.

4. Impact of increasing EV charging power

In this section, we analyze the increase in EV charging power
and quantify its impact on charging station loads. First, we study
the average power and overall duration of charging sessions con-
sidering the increase in charging power and different approaches
for handling the final charging stage (SOC > 80%). Next, we evaluate
the impact of increasing EV charging power on the charging station
load. Real-world charging data are used to depict the typical charg-
ing behavior at fast-charging stations in China. We utilize the ratio
of raised to original EV charging power (Pcg), defined earlier as C,,
to indicate the increase in EV charging power.

4.1. Changes in average power and overall duration of charging
sessions

In EV charging events, the overall charging duration is deter-
mined mainly by the average power. However, the average power
of a charging session can be influenced significantly by its final
charging stage (SOC > 80%). This is because current EVs store
energy using lithium-ion batteries, for which the permitted maxi-
mum power in the final charging stage is usually limited. As bat-
tery technology develops, it is uncertain how future batteries will
be controlled during the final charging stage, that is, to what extent
such limits will apply. To explore this, three types of constraints on
the final-stage power are considered: (D non-constrained; @ con-
strained (with a maximum power of 50 kW); and @ early termina-
tion (charging stops at 80% SOC). Accordingly, we examine the
combined effects of increased charging power and varied final-
charging-stage constraints on the average power and the overall
duration of charging sessions.

Fig. 5(a) shows the average charging power of an EV fleet as a
function of the increasing ratio C;, (the ratio of raised to original
charging power). The average charging power of the light-duty
EVs in this fleet is approximately 30 kW. If the final-charging-
stage power is unconstrained, the average power rises at the same
increase rate as C;,. However, when the final-charging-stage power
is constrained, average charging power grows nonlinearly at a
lower rate with C., as compared with the non-constrained case.
This is because the limited final-charging-stage power leads to a
decrease in the overall average of the whole charging process,
and the increase in EV charging power exacerbates this effect. If

Table 3
Monthly peak and average loads of 5 charging stations for 7 future scenarios.
Charging station S1 S2 S3 S4 S5 S6 S7
Residential
Peak 420 650 850 1100 1650 2000 3000
Avg/peak 7.8% 5.5% 4.4% 3.6% 2.7% 2.4% 1.8%
Commercial
Peak 930 1200 1800 2000 2800 3750 5700
Avg/peak 9.3% 7.8% 5.4% 5.2% 4.1% 3.4% 2.5%
Shopping
Peak 810 1200 1550 2000 2600 3500 5400
Avg/peak 8.6% 6.3% 5.0% 4.2% 3.5% 2.9% 2.1%
Industrial
Peak 1110 1600 1900 2550 3350 4500 5700
Avg/peak 7.8% 5.8% 5.0% 4.1% 3.4% 2.8% 2.4%
Airport
Peak 2040 2300 3150 4100 6100 8250 12900
Avg/peak 17.1% 16.4% 12.4% 10.3% 7.6% 6.2% 4.4%

The unit for both average and peak power is KW. The ratio (Avg/peak) is the average over peak loads in the form of percentage.
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charging ends at an SOC of 80% (early termination), the average
power starts at ~40 kW and increases 33% faster with C;, than that
of the non-constrained case. This phenomenon is explained by the
following equation,

i —phl —ph2
Pixédmp Pi;éncons 1 Neng t2 P —D;
Co  Ca Nag? o+ 70 ®
g =1 1 2
where Pi,‘ﬁgd“’" and P3E"°™ denote the average charging power of

the early termination and non-constrained cases, respectively; Ncpg

defines the number of charging sessions; 13:)1“ and [):-th are the aver-
age power in the early charging phase (SOC < 80%) and final charg-
ing phase (SOC > 80%), respectively; t| and t} are the duration of the
two phases. Since the charging power in the early phase is greater

than that in the final phase ([me > ﬁ?hz), the gradient (Pﬁ;éd“’p/Cra)

of the early termination case is greater than (Pﬂxg‘“c"“s /C:a) for the
non-constrained case. Detailed mathematical processes are
described in Section S4 in Appendix A.

Fig. 5(b) shows the decrease in average charging duration for
charging activities versus the increasing C;, of EV charging power.
Since real-world charging activities usually start from an SOC of
30%-40% as mentioned earlier, completing a charging session
within 10 minutes does not always need extremely high power.
As shown, to reduce the average charging duration to 10 minutes
for the EV fleet, the average charging power needs to be increased
by a factor of 3 (~120 kW) with an 80%-SOC termination. However,
for conditions with a final-charging-stage power constraint, the
peak power needs to increase by a factor of 8 (~240 kW), and in
this case, it is difficult to accommodate a continuing reduction in
charging duration. These results demonstrate the value of control
of final-charging-stage power in accommodating a future reduc-
tion in EV charging times.

4.2. Impact of increased EV charging power on station loads

It is commonly assumed that doubling the charging power of
EVs in a charging station will inherently double the charging sta-
tion load. Often overlooked is that increasing charging power will

317

above C;; = 6 in the constrained case would be difficult.

also shorten charging durations and thus reduce overlap of charg-
ing sessions. To quantify the impact of increasing EV charging
power on station operations, we simulate the power increase in
charging activities at stations based on real-world data from repre-
sentative fast-charging stations. The final-charging-stage con-
straint here is set at early termination (charging stops at 80%
SOC). Multiple variables are considered including the ratio of EV
charging power, daily peak loads, the maximum number of avail-
able chargers at a charging station, and the daily peak number of
available chargers. To better represent the general patterns, all of
the daily peak values employed in this section are averaged over
thirty-day intervals.

Fig. 6(a) depicts the relationship between the ratio of raised to
original EV charging power (C;,) and the daily peak load (Lqy,). The
peak load increases with the increase in EV charging power. We
normalize the peak load to the ratio of successive values to the
original value (i.e.,, C; = 1), to compare the rates of increase
between types of stations. It can be seen from Fig. 6(b) that the
rates of increase for all curves are lower than y = x, that is, a dou-
bling of EV charging power yields a less than doubled increase in
peak load.

It is noteworthy that the rate of increase in the peak load for the
residential station is clearly higher than that for the airport station.
To better understand this, we incorporate charging station scales
into the analysis. Fig. 6(c) illustrates the rate of increase of peak
loads (reflected by the gradient k of the lines in Fig. 6(b)) as a func-
tion of the number of available chargers (N.;¥) for each charging
station. The gradient is calculated by

w = argmin, | Xw - y|

9)

where w is [k, b]T, y is the vector of the ratio of Lq. X contains two
columns where the first is C; and the second is a vector of ones, and
argmin is a function to find the values in w that minimize the argu-
ment. The rate of increase of k decreases almost linearly (R*> = 0.73)
with the number of available chargers. This means that increasing
EV charging power has a lower impact on raising the charging load
for locations with more available chargers. Doubling EV charging
power only raises the load by 20%-60% for different charging
stations.

We quantify the influence of increased EV charging power on
reducing charging session overlap. Fig. 6(d) shows the daily peak
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Fig. 6. Relationship between increasing EV charging power and station peak loads. C;, indicates the the ratio of increased to original EV charging powers. (a) The daily
charging station peak load Lgy, versus Cp.. (b) The ratio of Lgy with Cr,. The ratio of Lgy, is calculated by dividing each value by the first value. (c) The gradient k versus the
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conversion. (f) The gradient o versus Np®. o is the gradient of the lines in the inset in (e).

number (Nqpm) of concurrently charging EVs with C,. The results in
Fig. 6(d) are normalized by dividing by their respective original
values, as shown in Fig. 6(e). We find that the daily peak number
decreases significantly with the increase in charging power but
with different rates of decrease across different charging stations.
Fig. 6(f) shows the gradient o of the log-transformed curves in
Fig. 6(e) inset versus the number of available chargers N3¢. The cal-
culation of the gradient « is similar to that for the gradient k in
Fig. 6(c) but with an additional logarithmic transformation for
the input. Since the gradients are negative, smaller ones indicate
higher rates of decrease of Ng,,. Combining the results, we can infer
that greater availability of chargers provides more capacity to
reduce the number of concurrent active chargers when the EV
charging power rises, in turn reducing the chance of session over-
lap. From the linear results, doubling EV charging power causes a
modest marginal increase of less than 30% in peak loads for sta-
tions with 12 chargers or more, and less than 40% for those with
more than 8. Overall, the results suggest that increasing EV charg-
ing power will decrease the number of concurrent active chargers,
helping to explain peak load increases of only 20%-60% in response
to a doubling of EV charging power. Stations with more available
charging spots yield a smaller increase rate of the station peak load
with the increase of EV charging power.

To analyze sensitivity to future technological trends, we also
include 14 additional scenarios in Section S4, each featuring sin-
gle values for charging power (150-1500 kW) and battery energy
(100-250 kW-h). We simulate the impact of potential charging
power reductions due to low winter temperatures using two set-
tings (-20% and -50%). As preheating of batteries is common in
current EVs, reductions in battery energy are not emphasized.
We found that increasing battery energy at a given power level
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elevates station peak power only when the number of charging
EVs at peak times rises. Additionally, reductions in charging
power due to low temperatures generally decrease station peak
power; however, they can also maintain or even increase peak
power when slower charging leads to significant overlap in charg-
ing sessions.

5. Implications of constrained grid interaction for ultrafast
charging stations

In this section, we use two generalized solutions to examine the
ability of existing fast-charging stations to satisfy the loads of
future ultrafast charging stations. To that end, ultrafast charging
simulations and real-world charging patterns are leveraged first
to generate high-power charging records for the 7 scenarios (S1-
S7, see Table 1) reflecting technological progress in terms of rising
charging power from 120 to 1500 kW. Two thresholds for the total
power capacity of stations (at an average of 60 or 120 kW for each
charger, per the C1 and C2 cases of Table 2) are used to constrain
the grid interaction of charging stations. Two types of generalized
solutions are incorporated that can mitigate the peak load, that is, a
dynamic waiting strategy and use of energy storage.

5.1. Dynamic waiting strategy

A dynamic waiting strategy, managed by the system, would
decrease peak loads by delaying the starting times for some charg-
ing sessions. Accordingly, the peak number of concurrent active
chargers can be decreased. This can not only improve the ability
of existing fast-charging stations to satisfy higher charging power,
but also reduce the costs required for potential upgrades to ultrafast
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charging. Nevertheless, a lower power capacity of a charging station
or a smaller number of available chargers will inevitably prolong
the waiting times for EVs. To test the effectiveness, we apply the
dynamic waiting strategy to investigate charging records under
the 7 scenarios. Three charging stations (residential, commercial,
and airport) with different sizes are selected.

Figs. 7(a)-(c) illustrate the average and maximum waiting times
across 7 scenarios for charging stations near residential areas, com-
mercial areas, and an airport, respectively, under the two station
power constraints C1 and C2. To visualize reduced overlap of
charging sessions, the number of concurrent charging EVs is com-
puted, with the maximum NOC shown in Figs. 7(d)-(f). The num-
bers of available chargers (N.¢) at these three stations are 4, 9,
and 24, as given in Figs. 7(d)-(f). Note that a result is not given if
the total charging power is insufficient to charge even one EV or
if the maximum waiting time exceeds 60 minutes.

It is noteworthy that if a total power capacity of 120 kW (under
C2) times the charger number is provided, the airport EV charging
station can satisfy the ultrafast charging demands from S1 to S7 by
using only the dynamic waiting strategy. In this case, from S1 to S7,
the average and maximum waiting times increase from 0 to
2.1 minutes and from O to 41 minutes, respectively; the maximum
concurrent charging number falls from 17 to 2. If the power capac-
ity is decreased to 60 kW (under C1) times the number of charging
ports, the airport EV charging station can only satisfy the demand
from S1 to S4.

By comparing the results across three charging stations, we find
that stations with more chargers can serve the charging demands
of more scenarios. Two reasons explain this: D Charging stations
with more chargers usually have a higher total power capacity,
which helps deal with high-power charging; and @ more chargers
can handle more charging sessions and thus provide more flexibil-
ity for dynamic adjustments. An unusual situation is that of the
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commercial charging station, in which the average waiting time
of S6 is shorter than that of S5 (lower power and energy demands
than S6) under the C2 constraint. This is because a longer waiting
time is required to respond to the decrease in the number of avail-
able chargers. However, the charging station can only afford to
charge one EV in both scenarios above (see results of S5 and S6
in Fig. 7(e)). Thus, the average waiting time is shortened with
increasing EV charging power.

The results for more charging stations are presented in Sec-
tion S5 in Appendix A. Under various scenarios, the average wait-
ing time at different stations is only a few minutes. For fast-
charging stations with around 9 chargers (average 120 kW per
charger), the average waiting time for scenario S4 (charging power
of 350-550 kW, battery energy of 120-150 kW-h) is less than
1 minute, and the maximum waiting time is less than 20 minutes.
As the average of 20% to 80% SOC active charging times for scenario
S4 is around 12 minutes (Table 1), the estimated average overall
20% to 80% charging time (waiting plus active charging) is approx-
imately 13 minutes. As described previously, however, the arrival
SOC of EVs ranges from 34%-44%, so the more common overall
time from the start of charging to 80% will be approximately 9 min-
utes (including 1 minute of waiting).

5.2. Energy storage with dynamic control

Energy storage provides a buffer against charging station peak
loads by dynamically providing extra power and energy. Different
from the waiting strategy, the use of energy storage does not
affect the charging behavior of EVs but requires investments in
necessary storage and related devices. A question is whether
future demand for ultrafast charging can be satisfied by adding
energy storage to existing charging stations. In the absence of
limits on power and energy limits on storage devices, fully
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Fig. 7. Effects of dynamic waiting strategy. (a—c) show the average (bars, left y-axis) and maximum (symbols, right y-axis) waiting times under charging power constraints C1
or C2 for 3 types of charging stations in the 7 scenarios. (d-f) are the maximum number of concurrent charging EVs (max NOC) under the two constraints for the 3 charging

stations in the 7 scenarios.
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satisfying demand requires only that the average daily EV charg-
ing power should be lower than the power capacity of the charg-
ing station and can effectively ignore peak demand. In practice,
however, the energy and power requirements for energy storage
are minimized to save investment costs. Here, we examine the
change in energy and power requirements for energy storage
across the varied charging stations in the future scenarios. Multi-
ple variables are considered, including charging stations with var-
ied locations, power constraints, and maximum charge/discharge
rates for energy storage.

Figs. 8(a)-(c) compare the minimized storage energy that can
satisfy the future ultrafast charging demands for three types of
charging stations. Three charge/discharge current rates (1C, 2C,
and 3C) and the two station power constraints of Table 2 (C1 and
C2) are considered. First, note that adequate energy storage would

Location: residential

Engineering 48 (2025) 309-322

allow all three fast-charging stations to meet the ultrafast charging
demands for all 7 scenarios, even if the total power capacity is
according to C1 (60 kW times the number of chargers). This is
because, despite high peak power demands, the daily average EV
ultrafast charging power of the station is sufficiently low. Raising
the total power capacity of the station to C2 (120 kW times the
number of chargers) can greatly lower requirements for energy
storage in the first few scenarios.

Higher discharge/charge current rates can effectively bring
down the requirement for storage energy. With a rise in the
charge/discharge rate from 1C to 3C, the required energy of the
storage is reduced by 61%-67% for the airport EV charging station.
The marginal decrease of the required energy storage between 1C
and 2C is higher than that between 2C and 3C. Further raising the
discharge/charge rate beyond 3C has a limited impact on reducing
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Fig. 8. Minimized storage energy for seven scenarios across three types of charging stations. (a—c) are results for three charging stations near residential areas, commercial
areas, and an airport, respectively. Three charge/discharge current rates are considered: 1C, 2C, and 3C. C1 and C2 are the two charging station power constraints.
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the energy capacity of storage (see Section S5). This indicates that
more storage energy is used only to supply higher power when the
discharge/charge rate is lower than 3C. In this regard, as long as the
power requirement for energy storage (below 3C) is met, the
energy demand can also be served, which helps to differentiate
the predominant source of demand. In addition, the selection of
appropriate energy storage is critical. A charge/discharge rate of
3Cis high for commercial- and utility-scale energy storage systems
where 0.5C-1C is now more common but is low for those power
battery systems (e.g., in EVs) where 10C can be easily
accommodated.

Since regional climate conditions can also affect EV charging
efficiency, we analyze the impact of reduced charging power due
to low winter temperatures on the minimum storage energy
requirements. As depicted in Section S5, the required storage
energy decreases as charging power decreases. For instance, in
the 1C category, the minimum storage energy decreases nearly
proportionally with the reduction in charging power. This occurs
because EV charging patterns remain unchanged when energy
storage is utilized, causing variations in charging power to be
directly reflected in the station’s power demand. We note that if
peak power demand is higher during specific seasons, such as sum-
mer, investments in energy storage should account for worst-case
scenarios to ensure reliability.

6. Investment costs of charging station upgrades

The cost of a charging station includes both initial investment
costs (chargers, distribution transformers, land, construction, etc.)
and operating costs (operation and maintenance, electricity, etc.).
A study in 2019 [33] indicated that in China, the initial investment
for a public charging station with 30 60-kW DC fast chargers
amounted to approximately 0.3 million USD. Meanwhile, from data
[34] for the United States in 2019, the cost of 30 50-kW DC fast
chargers plus related installation costs can reach 1.38 million
USD, far more than in China (see Section S6 in Appendix A). While
some types of costs are high in the initial investment, such as costs
for land use and initial construction, later station upgrade costs are
mainly incurred due to upgrades of chargers and distribution
transformers. Since the cost of upgrading chargers usually cannot
be avoided, the difference in the upgrade costs across varied strate-
gies mainly depends on how to raise station power capacity. Gen-
eralized strategies to handle high peak loads, such as using the
waiting strategy and deploying energy storage, can effectively
lower the need for additional transformer capacity. In this case,
there is a trade-off between increasing transformer capacity and
the use of alternative solutions.

We compare the cost differences across three strategies: use of
the strategic waiting option, increasing transformer capacity, and
deploying energy storage. For the first, the cost of using a waiting
strategy is minimal compared with the other two, as it needs only
the deployment of suitable control and management systems. By
contrast, both transformer and energy storage options require
the purchase of additional expensive devices, meaning transform-
ers, battery energy storage, or both. For the primary device costs of
the latter two strategies, the average unit cost of pad-mounted dis-
tribution transformers in China is approximately 46 USD-kVA~!,
and the average unit cost of lithium-ion battery energy storage sys-
tems (one-hour storage for the 1C rate) in China is approximately
196 USD-(kW-h) ! (see Section S6). From previous results, once the
power requirement for 1C energy storage in EV charging stations is
met, the energy requirement will also be met. For example, when
there is a peak load increase of 1200 kW in EV charging stations,
the cost of a one-hour lithium-ion battery energy storage system
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(1200 kW-h & 1200 kW) is 0.235 million USD, which is approxi-
mately 4 times the cost of a 1200 kVA pad-mounted distribution
transformer. In this case, the unit cost of battery storage needs to
decrease by 76.5% to be cost-competitive. However, if the capacity
of distribution networks is insufficient, the option of increasing
transformer capacity to upgrade stations will be either technically
infeasible or extremely costly. In this case, reducing the number of
ultrafast chargers or deploying energy storage could be more cost-
effective.

7. Discussion and conclusions

This work reports an exploratory analysis of future high-power
charging stations in China. We used integrated assessment models
and real-world EV charging data to study the operating patterns of
existing fast and potential future ultrafast charging stations. The
quantitative analysis of this work yields some key conclusions.

First, we analyze the behavioral characteristics of fast-charging
stations. Stations with more charging spots exhibit higher ratios of
daily average-to-peak loads, indicating that larger stations are vis-
ited more frequently. High-load periods are brief, with stations
operating below 50% occupancy over 90.7% of the time. In future
scenarios, ultrafast charging stations are expected to experience
higher peak-to-average load ratios.

Second, we investigate the impact of increased EV charging
power on station power loads. Our findings suggest that greater
availability of chargers in a station makes the increase in EV charg-
ing power have less impact on amplifying the station load due to
less overlap of shorter charging sessions. For instance, doubling
EV charging power increases station peak power by only 20% to
60%. This insight suggests that when designing EV charging sta-
tions, larger charging stations can be prioritized in high-demand
areas, as they can accommodate higher-power chargers without
significantly increasing peak loads, thereby reducing strain on
the power grid.

Third, we assessed the solutions to grid capacity constraints on
charging stations. Our results indicate that, at current fast-charging
station capacities, implementing dynamic waiting strategies with
an average waiting time of a few minutes or high-power energy
storage (> 3C) can effectively help manage future ultrafast charg-
ing loads.

Finally, we discussed the investment cost of various charging
station upgrade strategies, identifying charging piles and distribu-
tion transformers as primary expenses. Comparing upgrade strate-
gies, the cost per kilowatt of adding battery storage is ~4 times
higher than the cost for expanding distribution transformers.
Meanwhile, the battery storage option offers several benefits. For
instance, it does not require grid capacity expansion, allows for
more flexible installation (though space considerations may
apply), and can take advantage of lower electricity rates during
off-peak periods.

To meet surging charging demands of EVs in China and further
support the transition to sustainable transportation, it is essential
to consider deploying ultrafast charging stations in high-demand
regions. This initiative will enhance charging convenience for EV
users with limited home charging options and/or in populous
regions. Based on the results in this work and the fact that current
advanced charging technology has exceeded half a megawatt, we
recommend deploying large ultrafast charging stations with charg-
ers between 350 to 550 kW in high-demand regions immediately.
Future studies can leverage the charging patterns and station load
profiles presented in this work to inform charging infrastructure
buildout and upgrades. The statistical relationships between EV
charging power and station peak loads can be used to project
future impacts on the power grid.
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