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Abstract

The transition to electric mobility depends critically on reducing charging times to match
the convenience of conventional refueling. DC fast charging (DCFC) and extreme fast charging
(XFC) have emerged as the primary solutions, delivering 50-350kW and enabling 10- to
30-minute charging sessions. However, fast charging introduces complex trade-offs among
power electronics, battery electrochemistry, thermal management, grid infrastructure, and safety.
This article provides a systematic review of fast-charging technology, including a comparison of
charging methods, an analysis of lithium plating and degradation mechanisms, thermal
management strategies, connector standards, and the role of artificial intelligence. We also
present a schematic diagram of a modern DCFC station and a detailed comparison table. Finally,
we discuss emerging technologies such as solid-state batteries, lithium-metal anodes, and
megawatt charging for heavy-duty vehicles. With these references, the paper serves as a

comprehensive resource for engineers, policymakers, and researchers.

Keywords: Electric vehicle, fast charging, DC fast charging, lithium plating, thermal

management, battery degradation, charging infrastructure, solid-state battery.
1. Introduction

Electric vehicle (EV) adoption has accelerated dramatically, with global sales surpassing
14 million units in 2025 [1]. Yet, “range anxiety” and “charge time anxiety” remain significant
barriers [2,3]. While a gasoline vehicle refuels in under 5 minutes, early EVs required 8-12
hours for a full charge using AC Level 2 [4]. Fast charging — specifically DC fast charging
(DCFC) — directly supplies high-power direct current to the battery, bypassing the vehicle’s
onboard charger [5]. Modern DCFC stations operate at 50-350 kW, and prototypes of extreme
fast charging (XFC) exceed 500 kW [6,7].
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The goal of this paper is threefold:

To explain the engineering principles and architectures that enable fast charging.

To analyse the key challenges — battery degradation, thermal runaway, grid impact — and

their mitigation strategies.

To provide a forward-looking perspective on next-generation batteries and charging

standards.

Section 2: presents a schematic diagram of a fast-charging station. Section 3: compares
charging methods (Level 1, Level 2, DCFC, XFC) in a detailed table. Sections 4-9: dive into

power electronics, battery chemistry, thermal management, infrastructure, vehicle-to-grid, safety,

and economics. Section 10: discusses future technologies, and Section 11: concludes.

2. Schematic Diagram of a DC Fast Charging (DCFC) System

Figure 1 illustrates a typical 350 kW DCFC station with an optional on-site battery buffer.

The main components are:

>
>
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Grid connection (medium-voltage AC, e.g., 480 V three-phase).
AC-DC rectifier (active front end with IGBT or SiC semiconductors for power factor

correction).

DC-DC converter (isolated, variable voltage/current to match the EV battery).

On-site battery buffer (second-life or new Li-ion pack, typically 500 kWh, 800 V).
Charging cable and connector (NACS or CCS2).
Vehicle battery management system (BMS) — communicates via CAN or PLC.
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Figure 1: Simplified block diagram of a grid-connected DC fast charger with optional battery

buffer.

The buffer stores energy at low power from the grid and discharges at high power to the

EV,

reducing peak demand charges [8,9]. The BMS continuously sends maximum

voltage/current limits to the DC-DC converter to prevent overcharging or lithium plating [10].

3. Comparison of EV Charging Methods

Table 1 provides a quantitative comparison of the five main charging categories.

Table 1: Comparison of EV Charging Methods

Extreme
Parameter AC Level 1 | AC Level 2 DC F"flSt UItra—F_ast Fast
Charging Charging X
Charging
Typical Power | 1.2-1.8 kW | 3.3-19.2 kW | 50-150 kW | 150-350 kW 350-1000
o ' ' KW (future)
Voltage 400-500 V 800-920 V 800-1500 V
Architecture 120VAC 240V AC DC DC DC
Charging .
Time (20-80% | 40-60 hours | 4-10 hours 2040 116 20 minutes | >, 10 Minutes
SOC) minutes (projected)
On-board No
Charger Yes Yes No No
Required (bypassed)
Battery | (tecuires
Degradation Very Low Low Moderate High
. advanced
Risk )
chemistry)
>$500,000
Infrastructure $50,000— $150,000— ’
Cost per Port $500  1$2,000-6,000 | ¢;54 nop $300,000 (prs?;c;gpe
Representative CCS1/CCS?, (Mlz\e/l(;vsvatt
b SAE J1772 SAE J1772 | CHAdeMO, | CCS, NACS gav
Standards NACS Charging
System)
Grid Impact Moderate High Very I_—||gh
- (demand (grid
(Peak Negligible Low h (buffer/storage q
Demand) charges required) tpgraces
apply) needed)
Thermal . . . - Liquid-cooled | Immersion/
Method g cables cooling
Typical Residential Residential Urban & Highway Heavy-duty
Application (overnight | & Workplace | Highway fast corridors vehicles &
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Note: SOC = state of charge; MCS = Megawatt Charging System (for trucks).

Table 2 provides an indispensable quick-reference for the highly technical descriptions that

follow in Sections.

Table 2: Key Operational Targets for XFC (350+ kW)

Current Primary - Corresponding
Parameter Target |Technological Enabler Critical Challenges Section
Power Electronics SiC MOSFETSs, High- | EMI Management,
. >20 KW/L - . 4
Density Frequency Conversion | Thermal Design
4C-6C Preconditioning Lithium Plating,
Charge Rate (10-15 min) | (BMS), Multi-Stage CC|  Thermal Stress >
Cell Temperature <5°C Immersion Cooling, Cost, Fluid 5
Gradient Thin Cold Plates Management
Coolant > 3000 Immersion / Jet- Fluid Stability, 5
Coefficient W/m2K Impingement Weight
Internal <5mQ Thin-Electrode Capacity Trade-off, 5
Resistance (Pack) (avg) Designs, Tab Design Energy Density
Control > 10 kHz Real-Time CAN/PLC, Computation 11
Frequency Machine Learning |Complexity, Latency

4. Power Electronics for Fast Charging

Fast chargers rely on two key power conversion stages: AC-DC rectification and DC-DC
conversion [19]. Early chargers used passive rectifiers (diode bridges) with poor power factor,
but modern chargers employ active front-end (AFE) rectifiers based on IGBTs or silicon carbide
(SiC) MOSFETs [20]. SiC devices offer lower switching losses, higher temperature tolerance,

and higher frequency operation, enabling smaller passive components [21,22].

The DC-DC converter must provide a wide output voltage range (200—1000 V) to
accommodate different battery packs (400 V vs. 800 V) [23]. Isolated topologies — such as dual
active bridge (DAB) or CLLC resonant converters — are preferred for safety and galvanic
isolation [24,25]. Efficiency of state-of-the-art DCFC modules exceeds 96% at rated power [26].

800V architecture: By doubling the voltage, the current for a given power is halved,

reducing IR losses in cables and connectors [27]. The Porsche Taycan (2019) was the first
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production EV with an 800V system, followed by Hyundai Ioniq5, Kia EV6, and Lucid Air
[28,29]. These vehicles can sustain 240 kW charging without overheating the pack [30].

5. Battery Chemistry and Degradation
5.1 Lithium Plating
The most critical limitation for fast charging is lithium plating — the deposition of
metallic lithium on the graphite anode surface [31,32]. At high charge rates (C-rate >2C),
lithium ions cannot intercalate into the graphite lattice quickly enough; instead, they reduce to
Li° metal on the anode [33]. Plating causes:
I.  Loss of cyclable lithium — capacity fade.
ii.  Increased internal resistance.
ili.  Dendrite formation that can pierce the separator — internal short circuit and thermal

runaway [34,35].

A 2020 study by Liu et al. showed that consistent 4C charging reduces cell cycle life by more
than 50% compared to 1C charging [36]. Plating is exacerbated at low temperatures (< 10 °C)
due to higher electrolyte viscosity and slower lithium diffusion [37,38].

5.2 Mitigation Strategies
i.  Preheating: Before fast charging, the BMS uses resistive heating or pulse heating to raise
cell temperature to 25-40 °C [39,40]. Tesla’s “battery preconditioning” automatically
activates when navigating to a Supercharger [41].
ii.  Charging protocols:
iii.  Boost charging — high constant current (CC) until a voltage threshold, then constant
voltage (CV) taper.
iv.  Pulse charging — alternating high-current pulses with short rest periods, allowing lithium
to diffuse [42,43].
v.  Multistage constant current — stepwise reduction of current to stay below plating
overpotential [44].
vi.  Advanced anodes: Silicon-dominant anodes (e.g., from Sila Nanotechnologies) and

lithium-metal anodes are more resistant to plating [45,46].

6. Thermal Management
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At 350 kW and 95% efficiency, waste heat is 17.5 kW — enough to melt a battery pack

within minutes [47]. Effective thermal management is mandatory.

6.1 Active Liquid Cooling

Most EVs use cold plates with liquid coolant (water-glycol) circulating between cells
[48]. Tesla’s “snake channel” cooling plate and CATL’s cell-to-pack design integrate cooling
channels adjacent to each cell, achieving heat transfer coefficients >5000 W/m?K [49,50].
However, during extreme fast charging (XFC), temperature gradients across large-format cells

can exceed 10 °C, leading to non-uniform ageing [51].
6.2 Immersion Cooling

A newer approach immerses cells directly in a dielectric fluid (e.g., fluorinated fluids or
silicone oil) [52]. A 2022 study by Roe et al. found that immersion cooling reduces maximum
cell temperature by 35% compared to indirect cooling during 4C charging [53]. XING Mobility

and Mabhle have demonstrated immersion-cooled packs for racing and heavy-duty EVs [54,55].
6.3 Cable Cooling

Charging cables also generate heat at high currents (500 A+). Liquid-cooled cables (e.g.,
Tesla V3 Supercharger, ABB Terra 350) use a circulating coolant within the cable jacket,

allowing thinner copper conductors [56].
7. Infrastructure and Grid Integration
7.1 Grid Impact

A single 350 kW charger draws as much power as 350 homes [57]. Uncoordinated fast
charging can cause voltage drops, transformer overloads, and peak demand charges that double
operating costs [58]. A 2021 model by Trevizan et al. estimated that ten 350 kW chargers in one

location would require a $2 million substation upgrade [59].

7.2 Battery-Buffered Chargers
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To mitigate grid stress, many operators install on-site battery storage (e.g., Tesla
Megapack, FreeWire Boost Charger) [60,61]. The buffer charges from the grid at low power
(e.g., SOkW) continuously and discharges at up to 350 kW into EVs. This “peak shaving”
reduces demand charges by 60-80% [62]. Second-life EV batteries are particularly suitable for
this role [63].

7.3 Connector Standards (as of 2026)
Four major DC connectors exist:
i.  CHAdeMO (Japan, Nissan Leaf) — limited to 62.5kW originally; CHAdeMO 3.0
supports up to 900 kW but adoption is declining [64].
ii. CCS1 (North America) and CCS2 (Europe) — combined charging system, supports up to
500 kW; mandated by EU AFIR [65].
iii.  GB/T (China) — national standard, up to 237 kW (GB/T 20234.3) [66].
iv. ~ NACS (North American Charging Standard, originally Tesla) — compact, supports
1000 V and 1000 A (1 MW) [67]. As of 2025, Ford, GM, Rivian, and many others have
adopted NACS, making it the de facto standard in North America [68].

A 2023 CharlIN study reported that connector confusion reduces public charger utilization by
18% [69].

8. Vehicle-to-Everything (V2X) and Fast Charging

Bidirectional DCFC enables vehicle-to-grid (V2G), where EVs discharge stored energy
during peak hours and charge during off-peak [70]. However, bidirectional fast charging
accelerates degradation. A 2024 study by Dubarry et al. found that V2G cycles at 2C rates
double the capacity fade compared to unidirectional 1C charging [71]. LFP (lithium iron
phosphate) cells are more tolerant due to their flat voltage curve and stable olivine structure
[72,73].

9. Safety and Fire Risk

Fast charging increases the probability of thermal runaway [74]. The U.S. National
Transportation Safety Board (NTSB) reported 38 EV fires in 2024 directly attributed to improper
fast charging (e.g., charging damaged packs or at sub-zero temperatures without preheating)

[75].
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Key safety innovations:
i.  Gas-sensitive vents that detect electrolyte vapor before thermal runaway [76].
ii.  Pyrotechnic disconnects that physically sever high-voltage cables in < 10 ms [77].
iii.  Ceramic-coated separators (e.g., by W-Scope) that do not shrink at high temperatures
[78,79].

iv.  Thermal propagation barriers between cells (e.g., mica sheets or aerogel) [80].
10. Economic and Policy Landscape
10.1 Market Growth

The global fast-charging market was valued at $18 billion in 2025 and is projected to
reach $97 billion by 2033 (CAGR 23%) [81].

10.2 Policies

i.  U.S. NEVI Formula Program: $5 billion to install DCFC every 50 miles along interstate
corridors, with each station having at least four ports capable of 150 kW [82].

ii. EU AFIR Regulation (2023): Mandates 60 kW chargers every 60 km on core TEN-T
networks by 2028, with payment interoperability [83].

iii.  China’s “New Infrastructure” plan: Target of 5 million charging piles (public and private)

by 2025, including 100,000 fast chargers [84].
10.3 Charging Costs

Fast charging is 3-5x more expensive than home charging due to demand charges [85].
Innovative business models include subscription plans (e.g., Tesla Supercharger $12.99/month

for 20% lower rates) and on-site solar+storage to shave peaks [86,87].
11. Next-Generation Technologies
11.1 Lithium-Metal and Solid-State Batteries

Graphite anodes are being replaced by lithium-metal, which offers 10x higher theoretical
capacity (3860 mAh/g vs. 372 mAh/g) [88]. However, lithium-metal suffers from dendrites.
Recent breakthroughs using halide solid-state electrolytes (e.g., LisInCls) have enabled stable
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cycling at 5C rates [89,90]. QuantumScape’s ceramic separator and SES’s hybrid lithium-metal

design claim 15-minute charge times by 2027 [91,92].
11.2 Megawatt Charging for Heavy-Duty EVs

The Megawatt Charging System (MCS) is a new standard for trucks, buses, and off-road
vehicles, delivering up to 3.75 MW at 1250 V / 3000 A [93]. Pilot installations (e.g., by CharIN
and NREL) are underway, aiming for 30-minute charging of a 500 kWh truck battery [94].

11.3 Machine Learning for Adaptive Charging

Neural networks can predict internal temperature, lithium plating onset, and state of
health in real time, adjusting current millisecond-by-millisecond [95]. A 2025 field test by
Tessera Labs achieved 90% charge in 12 minutes on standard NMC cells with <3% degradation

after 500 cycles — unprecedented performance [96,97].
12. Conclusion

Fast charging is the linchpin of EV adoption. Today’s 350 kW chargers can deliver an
80% charge in 15-20 minutes for 800 V vehicles, but this comes at the cost of increased battery
degradation and grid stress. The key technical challenges — lithium plating, thermal management,
and connector standardization — are being addressed through preheating, immersion cooling, and
the NACS/CCS convergence. Looking ahead, solid-state batteries, megawatt charging for heavy
duty, and Al-optimized protocols promise to reduce charging times to under 10 minutes by 2030.

However, infrastructure investment and policy support must keep pace to realize this future.

With these references, this article provides a comprehensive, up-to-date reference for

engineers, researchers, and decision-makers in the EV ecosystem.
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