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Abstract

The potential health risks of DC charging piles to human health were investigated by
quantifying the internal electromagnetic exposure level. In this study, the transformer in
the DC/DC circuit of a DC charging pile was selected as the radiation source, and two
realistic human models (adult and child) were used as exposure subjects. A simulation
model, including the vehicle body, charging pile, and transformer, was established using
COMSOL(COMSOL Multiphysics 6.2) Multiphysics software to calculate the magnetic
induction intensity (B-field) and electric field intensity (E-field) in various organs at dis-
tances of 0.1 m, 0.3 m, and 0.6 m from the charging pile. The results show that at 0.1 m, the
peak B-field (1.91 µT) and E-field (447 mV/m) in the adult body were 1.91% and 2.07% of
the ICNIRP occupational exposure limits, respectively, and 7.07% and 4.14% of the public
exposure limits. For the child model, the peak electromagnetic exposure levels (2.31 µT
and 259 mV/m) were only 8.56% and 2.40% of the public limits. Further evaluation of
exposure levels for in-vehicle occupants during charging showed that the peak B-field and
E-field for an adult driver and a child in the front passenger seat were 0.0225 × 10−2 µT,
0.0237 × 10−2 µT, 5.81 mV/m, and 5.82 mV/m, respectively, far below the ICNIRP public
limits. Additionally, analyses at multiple frequency bands (85 kHz, 90 kHz, and 95 kHz)
under a typical scenario (adult at 0.1 m from the charging pile) revealed that the B-field in
the human body decreased with increasing frequency, while the E-field showed minimal
variation due to shielding effects. All electromagnetic exposure levels were below both
ICNIRP public and occupational limits, indicating the broad applicability of the results.
Under normal operating conditions of DC charging piles, the electromagnetic exposure
from the DC/DC transformer fully complies with safety standards and poses no threat to
human health. This study provides a scientific basis for alleviating public concerns about
the health risks of electromagnetic radiation from DC charging piles for electric vehicles.

Keywords: DC charging station; electric vehicle; realistic human model; equivalent
radiation source; transformer; electromagnetic exposure; COMSOL multiphysics

1. Introduction
With the gradual depletion of traditional energy sources and the increasing severity

of environmental pollution [1,2], various sectors are actively seeking solutions for energy
conservation and storage [3]. Electric vehicles (EVs), due to their high efficiency and
zero-emission characteristics, have gained widespread adoption globally [4,5]. To meet the
growing demand for EV charging, countries worldwide are accelerating the development
of charging infrastructure [6–8]. Direct current (DC) charging stations convert alternating
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current (AC) to DC to directly charge EV batteries, offering higher charging efficiency
and faster speeds [9]. Owing to their rapid charging advantages, DC charging stations
are widely deployed in public charging areas, such as highway service zones and urban
fast-charging stations [10–12]. The establishment of charging stations provides convenient
charging options for EV users and supports long-distance travel, further promoting the
development of the new energy vehicle industry.

DC charging stations employ a modular design, where multiple charging units are
connected in parallel to expand charging capacity. Modular units, composed of components
such as rectifiers, transformers, and diodes, can be flexibly configured to meet diverse volt-
age requirements and enhance charging speed [9,13]. Among the components responsible
for voltage conversion and electrical isolation in DC charging stations, the transformer is
one of the components operating at the highest switching frequency. Due to sudden volt-
age changes, transformers generate high-frequency pulse signals within a short time [14],
serving as a primary source of magnetic field radiation in the charging module. These
pulse signals radiate electromagnetic fields into the surrounding environment, posing a
significant source of electromagnetic interference (EMI) and potentially introducing various
health risks to humans [15,16]. Therefore, further investigation into the potential impacts of
electromagnetic environments on human health is of critical importance and will contribute
to the development of relevant standards.

With the widespread adoption of electric vehicles (EVs), concerns regarding the safety
of their electromagnetic environment have garnered increasing attention. Vassilev et al. [17]
investigated magnetic fields inside eight different EVs and performed exposure calculations
using the ICNIRP “weighted peak” method. Yang et al. [18] monitored the electromagnetic
environment inside EV cabins over an extended period, concluding that magnetic fields
within EVs remain largely unchanged despite prolonged driving or regular maintenance.
Bazhynov et al. [19] found that the magnetic field induction intensity inside EV cabins
during charging is significantly lower than that during driving. Concha et al. [20] used
finite element simulations, measurements, and simplified analytical approximations to
determine that magnetic fields generated by battery packs are below the ICNIRP refer-
ence levels. Hasselgren et al. [21] investigated the sensitivity of components and power
line communication signals under varying noise intensities and frequency combinations,
proposing solutions to enhance system immunity. Lennerz et al. [22] measured magnetic
fields from EV charging stations and associated cables, finding that high-power chargers do
not pose risks to patients with implanted cardiac pacemakers. Research on electromagnetic
exposure during EV charging has primarily focused on wireless charging systems. Park
et al. [23] examined human exposure levels in various scenarios involving an 85 kHz wire-
less power transfer (WPT) system for EVs, including cases with and without shielding and
with aligned or misaligned transmitters and receivers. Zhao et al. [24] developed models
of wireless charging systems and human bodies at different operating frequencies and
power outputs, investigating the safe distance between humans and the charging system
during wireless EV charging. Laakso et al. [25] studied electromagnetic exposure from
leakage magnetic fields of wireless power transfer systems during EV wireless charging.
Regarding safe distances between humans and radiation sources, Lu et al. [26] used the
impedance method to calculate magnetic induction intensity and induced electric fields in
the human body at 144 relative positions with respect to an H-coil for transcranial magnetic
stimulation (TMS) caregivers, concluding that a minimum distance of 100 cm from the
H-coil is required to ensure safety.

With the widespread deployment of charging stations, the electromagnetic environ-
ment and electromagnetic exposure issues associated with charging stations have attracted
significant attention from researchers. He et al. [27] identified that electromagnetic inter-
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ference (EMI) signals produced by DC/DC power converters are the primary sources of
EMI in onboard charging systems. Paolo et al. [28] measured harmonics generated during
the connection between EVs and charging stations, revealing that Level 3 charging stations
produce more harmonic noise compared to Level 2 stations. Mazurek et al. [29] elucidated
the characteristics of conducted disturbances and current harmonic levels generated by
charging stations, as well as their impact on power quality. Nacu et al. [30] reduced har-
monics to acceptable levels under IEC 61,000 standards by incorporating an LCL filter
at the inverter output leads. Zheng et al. [31] summarized the working principles of DC
charging stations and investigated the sources of EMI and methods for its suppression.
Germana Trentadue et al. [32] measured low-frequency magnetic fields emitted by five
fast-charging devices under charging and standby conditions using a magnetic field probe
analyzer. Trentadue et al. [33] measured magnetic induction intensity from two high-power
split-type DC charging systems, finding that measurements at certain points exceeded
limits, but the electromagnetic environment measured at an increased distance from the
charging facility complied with standards. Hongguk Bae et al. [34] assessed electromagnetic
field exposure from six EV chargers, observing that the magnetic field of fast chargers in
operation increases with charging current.

During the operation of DC charging stations, the rapid voltage transformations in the
DC/DC circuit transformer within the charging module generate electromagnetic fields
that may pose safety risks to personnel. This study quantitatively evaluates electromagnetic
exposure for occupational workers and the general public of different age groups at dis-
tances of 0.1 m, 0.3 m, and 0.6 m from DC charging stations. It examines the electromagnetic
exposure levels for an adult in the driver’s seat and a child in the front passenger seat dur-
ing EV charging. Additionally, the study assesses electromagnetic exposure levels across
different frequency bands in a typical scenario (an adult standing 0.1 m from the charging
station). The findings of this study demonstrate that electromagnetic radiation from DC
charging stations does not pose a health risk to humans, providing evidence to alleviate
public concerns regarding electromagnetic exposure from EV DC charging stations.

2. Model Construction
Electromagnetic dosimetry [35] is a discipline that studies the effects of electromagnetic

fields on biological systems, enabling precise quantification of electromagnetic exposure
levels within organisms and evaluation of the safety of electromagnetic environments [36].
When investigating the distribution of electromagnetic fields in biological tissues, electro-
magnetic dosimetry methods can address the limitations of epidemiological surveys [37],
direct measurement techniques [38], and Monte Carlo methods [39], which often fail to accu-
rately assess human electromagnetic exposure levels. Based on electromagnetic dosimetry,
this study investigates the operational characteristics of transformers in the DC/DC circuits
of electric vehicle (EV) DC charging stations. Using finite element software, the magnetic
induction intensity (B-field) and induced electric field intensity (E-field) were calculated for
major organs of adults and children at various distances from the charging station and in
the driver’s seat (adult) and front passenger seat (child) during EV charging in the 80 kHz
frequency band. Additionally, electromagnetic exposure levels in the human body were
estimated for a typical exposure scenario (a person standing 0.1 m from the charging station)
across different frequencies. The numerical results were compared with the electromagnetic
exposure limits outlined in the ICNIRP guidelines to assess the electromagnetic exposure
levels for different individuals in this electromagnetic environment.
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2.1. Human Model Description

The models used in this study include an adult male, Duke, and a boy, Thelonious.
Duke has a standing height of 1.77 m, while Thelonious has a standing height of 1.15 m [40].
Based on the original anatomical models, several major organs and tissues were extracted,
including the scalp, skull, brain, heart, liver, kidneys, and lungs, with the brain modeled as
a combination of white and gray matter. The standing models were modified into seated
postures using three-dimensional modeling software, as shown in the accompanying
Figure 1.

(a) 

(b) 

Figure 1. Human body models in standing and seated postures: (a) Adult, (b) Child.

2.2. DC Charging Station Model

In this study, a DC charging station model was developed based on the actual dimen-
sions of a commercially available 120 kW integrated DC charging station. The dimensions
of the DC charging station are 800 mm × 500 mm × 1700 mm, as shown in Figure 2.
The outer casing of the DC charging station is made of a 3 mm thick steel plate, with a
4 mm thick screen embedded in the center of the cabinet door. Inside the DC charging
station, four 30 kW charging modules are installed, which are the core components and the
primary sources of electromagnetic radiation. Each module has dimensions of 457 mm ×
84 mm × 218 mm, with a steel casing of 2 mm thickness. The horizontal distance between
two parallel charging modules is 2 mm, and the vertical distance between two vertically
aligned modules is 20 mm. Both the DC charging station and its modules are equipped
with ventilation openings to meet the heat dissipation requirements. Additionally, a pure
electric vehicle (EV) model was established based on the actual dimensions of an EV. As
shown in Figures 2 and 3, with a body size of 5495 mm × 2200 mm × 1672 mm and a body



Sensors 2025, 25, 5735 5 of 23

material of aluminum alloy. The model also includes a transformer, human models, and a
concrete platform.

Figure 2. Model of the DC charging station.

Figure 3. Model of the vehicle.

The circuit within the charging module is complex, with the transformer being one
of the components operating at the highest switching frequency, primarily serving the
functions of electrical isolation and voltage regulation. In this study, the transformer is
considered the primary radiation source in the DC charging station. To simplify compu-
tations while preserving key electromagnetic characteristics, as shown in Figure 4, the
transformer was modeled as a magnetic core with two layers of windings, with dimensions
of 48 mm × 28.8 mm × 42 mm. Based on the technical specifications of a 30 kW charging
module from a specific brand obtained through market research, the turn ratio of the pri-
mary to secondary windings is 11:5, and the transformer’s switching frequency ranges from
80 kHz to 250 kHz, with an input voltage of 650 V. This study evaluates electromagnetic
exposure for different individuals at transformer switching frequencies of 80 kHz, 85 kHz,
90 kHz, and 95 kHz.

(a) (b) 

Figure 4. DC charging station module and transformer. (a) Relative position of the transformer
within the charging station module; (b) equivalent model of the transformer.

Electromagnetic exposure levels were calculated for an adult and a child positioned
directly in front of the DC charging station at distances of 0.1 m, 0.3 m, and 0.6 m, Figure 5
shows a scene with a child and an adult standing 0.1 meters from a charging station.
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Additionally, based on the configuration of an actual DC charging station, electromagnetic
exposure values were determined for an adult driver in the driver’s seat and a child in the
front passenger seat. As shown in Figure 6, with the vehicle located approximately 0.9 m
vertically from the DC charging station. The vertical distance from the vehicle’s front to
the driver (adult) and front passenger (child) is approximately 2570 mm, with the vertical
distance from the left vehicle door to the driver’s body being approximately 700 mm and
to the front passenger’s body approximately 1300 mm.

(a) (b) 

Figure 5. Human models located 0.1 m in front of the DC charging station. (a) Child model; (b) Adult
model.

(a) (b) 

Figure 6. Relative spatial arrangements in the simulation: (a) Configuration of the EV and DC
charging station; (b) Positions of the adult and child models within the vehicle.

The dielectric constants and conductivities of materials, including aluminum alloy,
tempered glass, copper, and ferrite, as reported in references [41,42], were applied. The
conductivity and dielectric parameters of the primary materials used in the DC charging
station and electric vehicle are presented in the Table 1.
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Table 1. Electrical conductivity and relative permittivity of the primary materials used in the model.

Main Materials of DC
Charging Station and Electric

Vehicle
Relative Permittivity Conductivity (S/m)

Aluminum alloy (vehicle body) 1 2.33 × 107

Tempered glass 5.5 1
Copper (transformer coil) 1 6 × 107

Ferrite (transformer core) 10 1.54 × 10−1

2.3. Dielectric Parameters of Human Tissue

When conducting electromagnetic exposure assessments, appropriate dielectric pa-
rameters must be assigned to each organ and tissue. The dielectric properties of tissues
exhibit frequency-dependent dispersion, resulting in variations in dielectric parameters
across different frequencies [43]. In 1996, Gabriel et al. proposed a fourth-order Cole-
Cole mathematical model [44–46], which can be used to calculate the conductivity and
permittivity of biological tissues over a frequency range from 1 Hz to 100 GHz.

ε̂r = ε′r − jε′′r = εr∞ + ∑ 4
n=0

∆εn

1 + (jωτn)
1−α

+
σi

jωε0
(1)

In this model, ε̂r represents the complex relative permittivity. The real part of ε̂r,
denoted as ε′r, is commonly referred to as the relative permittivity. The imaginary part,
ε
′′
r is also known as the loss factor. The parameter ∆εn represents the change in relative

permittivity, τn denotes the central relaxation time, and α is the distribution parameter,
typically ranging between 0 and 1. σi is the ionic conductivity (S/m), εr∞ is the relative
permittivity at optical frequencies, ω is the angular frequency (rad/s), which can be derived
from the linear frequency, and ε0 = 8.854187817 × 10−12 F/m is the permittivity of free space.

Using the fourth-order Cole-Cole model [46], the dielectric constant and conductivity
of various human tissues at different frequencies were calculated. This study focuses on the
distribution of electric and magnetic fields across various human organs. Table 2 presents
the dielectric properties and conductivities of different organs at a frequency of 80 kHz.
For the brain, the values of conductivity and permittivity are averaged from those of white
matter and gray matter.

Table 2. Dielectric properties and conductivity of various human tissues and organs.

Human Body Tissue
Relative Permittivity Conductivity (S/m) (80 kHz)

80 kHz 85 kHz 90 kHz 95 kHz 80 kHz 85 kHz 90 kHz 95 kHz

Skin 17598 16995 16421 15876 0.05211 0.05568 0.05915 0.06254
Skull 291.607 285.35 279.74 274.65 0.03590 0.03592 0.03595 0.03597
Brain 3140.9 3002.4 2878.2 2766.2 0.10601 0.11034 0.10691 0.10735
Heart 11670 4325.8 10662 10233 0.20850 0.21027 0.21195 0.21356
Liver 8381.7 11137 7903.1 7693.1 0.07988 0.08108 0.08225 0.08342

Kidney 8637.6 8131.6 8095.4 7863.1 0.16714 0.16823 0.16930 0.17033
Lung 4516 8352.1 4155.6 4002.3 0.18705 0.18770 0.18831 0.18891

2.4. Numerical Methods

To address the complexities of the electromagnetic environment, the electromagnetic
field generated by a high-frequency transformer under high-voltage input was simulated
using COMSOL Multiphysics 6.2. In the Magnetic Fields interface, the governing equations
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were defined to solve Maxwell’s equations under the specified conditions. Maxwell’s
equations are given as follows:

∇× H = J +
∂D
∂t

= J (2)

∇× E = −∂B
∂t

(3)

∇·D = ρ (4)

∇·B = 0 (5)

where H is the magnetic field intensity (A/m), J is the induced current density (A/m2), E is
the electric field intensity (V/m). D is the electric flux density (C/m2), and B is the magnetic
induction intensity (T). ρ represents the volume charge density (V/m3). Assuming that the
electromagnetic properties of biological tissues are linear and that a medium is present, the
following three constitutive relations describe the medium within Maxwell’s equations:

B = µH (6)

D = ε0εrE (7)

J = σE (8)

where µ is the magnetic permeability (H/m); ε0 is the permittivity of free space (F/m), with
a value of 8.85 × 10−12; εr is the relative permittivity; and σ is the electrical conductivity
(S/m).

All numerical simulations were conducted on a desktop computer equipped with an
Intel® Core™ i7 processor and 64 GB of RAM. The three-dimensional geometric models, in-
cluding the human body, DC charging station, internal charging modules, transformer, and
electric vehicle, were discretized into tetrahedral elements using the COMSOL Multiphysics
6.2 finite element platform [47,48]. Based on the governing equations (Equations (2)–(8),
the Magnetic Fields interface within the AC/DC Module of COMSOL Multiphysics was
employed to solve for the spatial distributions of the electric field and magnetic field around
the charging infrastructure and within the biological tissues of the passengers and driver.
The human body, vehicle structure, and power electronics modules were meshed using
fine-resolution tetrahedral elements, thereby improving the accuracy of field computa-
tion, particularly within anatomically sensitive regions. The mesh configuration of the
computational domain is shown in Figure 7.

As DC fast charging technology for electric vehicles becomes increasingly widespread,
both maintenance personnel and passengers may be subject to long-term exposure to elec-
tromagnetic fields in typical operational settings. To assess the potential biological effects,
this study quantitatively evaluated the specific electromagnetic exposure levels in various
organs and tissues of both technical staff and private passengers, thereby contributing
to the occupational and public health risk assessment associated with high-power EV
charging infrastructure.
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(a) 

 
(b) 

Figure 7. Mesh diagram of geometric models: (a) Adult and DC charging station; (b) Car, child and adult.

2.5. ICNIRP Exposure Limits

To scientifically evaluate human electromagnetic exposure limits and protect public
health, the International Commission on Non-Ionizing Radiation Protection (ICNIRP) and
the Institute of Electrical and Electronics Engineers (IEEE) have established guidelines
for human electromagnetic exposure limits [49–52]. This study adopts the occupational
and public exposure limits outlined in the ICNIRP guidelines. The ICNIRP has defined
exposure limits for occupational and public exposure across different frequency bands
to protect both groups from health risks associated with electromagnetic exposure. For
the frequency bands of 80 kHz, 85 kHz, 90 kHz, and 95 kHz, the exposure limits for the
3 kHz–100 kHz range are applied. Table 3 presents the occupational and public exposure
limits for the 3 kHz–100 kHz frequency range.

This study evaluates the electromagnetic exposure levels for adults and children in
various scenarios. Only the scenario involving an adult standing 0.1 m from the charging
station considers both the ICNIRP occupational and public exposure limits, while all other
scenarios consider only the ICNIRP public exposure limits.

Table 3. Electromagnetic Exposure Limits at 80 kHz.

Electromagnetic Exposure Limits at 80 kHz

Exposure Category Frequency Range Electric Field
(mV/m)

Magnetic Induction
Intensity (µT)

Occupational 3 kHz–10 MHz 21,600 100 µT
General public 3 kHz–10 MHz 10,800 27 µT
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3. Electromagnetic Exposure Safety Assessment
This study conducted numerical simulations of the B-field and E-field distributions

within the bodies of occupational workers and private vehicle occupants of different age
groups (including adults and children). At the 80 kHz frequency band, the electromagnetic
exposure levels were systematically evaluated for adults and children at distances of 0.1 m,
0.3 m, and 0.6 m from the charging station, as well as for an adult in the driver’s seat and
a child in the front passenger seat. Furthermore, by assessing the exposure levels in a
typical scenario—an adult standing 0.1 m directly in front of the charging station—across
multiple frequency bands, the electromagnetic field distributions in major human organs
were analyzed. The results confirm the broad applicability of the study’s conclusions under
different frequency conditions.

3.1. B-Field Distribution of the DC Charging Station

After the AC signal is input into the primary coil of the transformer, the secondary
coil generates an induced electromotive force due to mutual inductance, which leads to the
output of voltage signals that radiate an electromagnetic field. This paper presents only
the distribution of the B-field within the transformer at a switching frequency of 80 kHz.
Figure 8d illustrates the distribution of the induced B-field within the DC charging station,
the charging modules, and the transformer. The maximum B-field was observed at the
primary winding of the transformer, with a peak value of 1.54 × 106 µT. As the distance
from the transformer increases, the B-field diminishes.

(a) (b) 

  
(c) (d) 

Figure 8. B-field distribution of the DC charging station and its components: (a) DC charging station
body; (b) Charging module; (c) Transformer; (d) Transformer cross-section.
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3.2. B-Field Distribution Within Adult and Child at Different Distances

In the magnetic field domain, the magnetic permeability of human tissues and organs
is assumed to be equivalent to that of air [53,54]. Therefore, the B-field within the tissues
is the same as that in the surrounding air, and the human body does not significantly
alter the magnetic field distribution. Figure 9 shows the distribution of the B-field in the
body and various organs of an adult at distances of 0.1 m, 0.3 m, and 0.6 m from the DC
charging station. At a distance of 0.1 m from the DC charging station, the maximum B-field
at the scalp is 1.91 µT, while the values for the skull and brain are 1.05 µT and 0.794 µT,
respectively. The ICNIRP occupational exposure limit for the 3 kHz to 10 MHz frequency
range is 100 µT, and the public exposure limit is 27 µT. The B-field at the scalp accounts for
1.91% and 7.07% of the ICNIRP occupational and public exposure limits, respectively. The
magnetic flux densities in the other organs are well below the ICNIRP exposure limits.

 
(a) 

 
(b) 

 
(c) 

Figure 9. Cont.
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(d) 

Figure 9. B-field distribution in an adult at distances of 0.1 m, 0.3 m, and 0.6 m from the DC charging
station: (a) Whole Body; (b) Head; (c) Brain; (d) Internal organs.

For children, due to their standing posture, which is slightly inclined forward, the
distance to the radiation source is closer compared to adults, resulting in a slightly higher
B-field. As shown in Figure 10, when a child stands 0.1 m from the DC charging station,
the peak B-field at the scalp is 2.31 µT, while the peak values for the skull and brain are
1.41 µT and 1.14 µT, respectively. The peak B-field at the child’s scalp is 120.1% of that in
the adult’s scalp, and it accounts for 8.56% of the ICNIRP public exposure limit, which is
still significantly lower than the ICNIRP limits. The B-field in the other organs also remains
well below the ICNIRP public exposure limits.

 
(a) 

 
(b) 

Figure 10. Cont.
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(c) 

 
(d) 

Figure 10. B-field distribution in a child at distances of 0.1 m, 0.3 m, and 0.6 m from the DC charging
station: (a) Whole Body; (b) Head; (c) Brain; (d) Internal organs.

As the distance increases, the B-field decreases rapidly. At distances of 0.3 m and
0.6 m, the maximum B-field remains at the scalp. For adults, the maximum values of B-field
are 0.815 µT and 0.278 µT, respectively, while for children, the corresponding values are
0.932 µT and 0.581 µT, all of which are below the ICNIRP exposure limits.

3.3. E-Field Distribution Within Adults and Children at Different Distances

As shown in Figure 11, the DC charging station door is composed of a tempered glass
screen and a steel plate. Since the conductivity of tempered glass is lower than that of steel,
its shielding effect on the electric field is much weaker. The upper body of the adult human
model faces the tempered glass section, while the four charging modules are located behind
the tempered glass. Therefore, the head and upper body of the adult are directly exposed to
the radiation from the source. When the individual is 0.1 m from the DC charging station,
the peak E-field in the body occurs at the scalp, where it reaches 447 mV/m. The ICNIRP
limits for E-field exposure in the 3 kHz to 10 MHz frequency range are 21,600 mV/m for
occupational exposure and 10,800 mV/m for public exposure. The peak E-field at the
scalp represents 2.01% and 4.13% of the ICNIRP occupational and public exposure limits,
respectively. The peak E-field at the skull (231 mV/m) is higher than in the brain, with
the skull facing directly toward the DC charging station. The peak E-field in the brain is
169 mV/m. As shown in Figure 11, the maximum E-field in the brain occurs in the anterior
part, where the color is slightly redder compared to other regions. For the body, the lungs
and liver are closer to the exposure source than the other organs, resulting in slightly higher
E-field of 185 mV/m and 175 mV/m, respectively, at 0.1 m. The conductivity of the lungs
is slightly higher than that of the liver, which explains the higher E-field in the lungs.
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For children, due to their shorter stature, the head and upper body face the steel plate
door, which provides some shielding due to the higher conductivity of steel. Consequently,
the E-field within the child’s body is lower than in the adult’s body. As shown in Figure 12,
when the child stands 0.1 m from the DC charging station, the maximum E-field occurs at
the scalp, with a value of 259 mV/m. This is 57.94% of the adult’s peak scalp E-field and
2.40% of the ICNIRP public exposure limit. The peak E-field in the child’s skull and brain
are 156 mV/m and 115 mV/m, respectively.

 
(a) 

 
(b) 

 
(c) 

Figure 11. Cont.
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(d) 

Figure 11. E-field distribution in an adult at distances of 0.1 m, 0.3 m, and 0.6 m from the DC charging
station: (a) Whole Body; (b) Head; (c) Brain; (d) Internal Organs.

 
(a) 

 
(b) 

 
(c) 

Figure 12. Cont.
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(d) 

Figure 12. E-field distribution in a child at distances of 0.1 m, 0.3 m, and 0.6 m from the DC charging
station: (a) Whole Body; (b) Head; (c) Brain; (d) Internal Organs.

As shown in Figure 11 and Table 4, as the distance increases, the E-field in the body and
various organs decreases. At 0.1 m, the E-field are much higher than at 0.6 m, indicating that
the electromagnetic exposure risk to the human body decreases with increasing distance
from the DC charging station.

Table 4. Maximum E-Field Values of Various Tissues and Organs at Different Distances.

Organs

E(mv/m)

The Distance Between the
Person and the DC Charging

Station is 0.1 m

The Distance Between the
Person and the DC Charging

Station is 0.3 m

The Distance Between the
Person and the DC Charging

Station is 0.6 m

Adult Children Adult Children Adult Children

Skull 231 156 138 64.4 71 28.7
Brain 169 115 96.8 51 51.7 24.8
Heart 158 90.4 102 31.6 41.7 21.6
Liver 175 87.7 92.1 28.7 38.4 22.3

Kidney 147 65.3 81.1 24 32.8 24.4
Lung 185 90.8 109 39.6 57.8 24.4

3.4. B-Field Distribution in Car

The distribution of B-field induced by the internal transformer of a high-power DC
charging station operating at 80 kHz was measured at an oblique lateral vertical distance
of approximately 0.9 m. As shown in Figure 13, the maximum B-field occurs at the front
part of the vehicle body closest to the DC charging station. In regions farther away from
the DC charging station, the B-field gradually decreases with increasing distance.
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Figure 13. B-Field distribution in car.

3.5. Driver’s Body B-Field Distribution

As shown in Figure 14, the B-field is highest in the legs and feet of the driver, as these
body parts are closest to the DC charging station. Although the child in the passenger
seat is slightly closer to the radiation source than the driver, the distance difference is not
significant, and therefore, the B-field distribution in the child’s body is similar to that of the
driver, as illustrated in Figure 15. The highest B-field in the child’s body remains in the
feet and lower legs, which are closest to the DC charging station. Both the driver and the
child’s head and brain are directly aligned with the radiation source, so the B-field in these
areas are the highest.

(a) (b) (c) 

Figure 14. B-Field distribution of an adult in the driving sea: (a) Whole Body; (b) Head; (c) Brain.
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(a) (b) (c) 

Figure 15. B-Field distribution of a child in the front passenger seat: (a) Whole Body; (b) Head;
(c) Brain.

3.6. Driver’s Body E-Field Distribution

As shown in Figures 16 and 17, the E-field is higher in the head, upper body, and
knees, while the E-field at the feet is lower. The E-field in the upper body and knees is
slightly lower than in the head. Since the distance between the driver and the passenger
is relatively small, the distribution of the electric field in the driver’s and passenger’s
bodies is quite similar. The skull and brain, which are directly exposed to the car’s glass,
experience the least shielding from the electric field due to the low conductivity of the
glass compared to the aluminum alloy car body. As a result, the E-field in these organs is
higher than in other body parts. The peak E-field in the skull and brain of the adult are
5.78 mV/m and 5.61 mV/m, respectively, while the peak E-field in the child’s skull and
brain are 5.77 mV/m and 5.67 mV/m.

(a) (b) (c) 

Figure 16. E-Field distribution of an adult in the driving seat: (a) Whole Body; (b) Head; (c) Brain.

Due to the greater distance between the driver and the DC charging station, along
with the shielding effect of the aluminum alloy car body and windshield, the electric field
distribution in the trunk organs is more uniform. Among the organs in the adult’s trunk,
the lungs, being the closest to the radiation source, experience the highest electric field,
with a peak value of 4.83 mV/m. The heart, with a relatively high dielectric constant, has
a higher E-field than all organs except the lungs, with a peak value of 4.65 mV/m. The
kidneys, being the furthest from the DC charging station in the seated position, have a
slightly lower E-field compared to the liver, whose dielectric constant is similar, with a peak
value of 3.99 mV/m.

The electric field peak values in the trunk organs of the driver and the child in the
passenger seat are very similar, as shown in Figure 18, with a difference of no more than 2%
between the maximum E-field in the organs of the two individuals.
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(a) (b) (c) 

Figure 17. E-Field distribution of a child in the front passenger seat: (a) Whole Body; (b) Head;
(c) Brain.

Figure 18. Comparison of the peak E-field in various organs of an adult and child with the ICNIRP
public exposure limits.

3.7. Electromagnetic Exposure Levels at Different Frequencies

The penetration depth and tissue absorption characteristics of electromagnetic waves
vary with frequency. This section calculates the electromagnetic exposure levels within
the body of an adult standing 0.1 m from the charging station across different frequency
bands. Figure 19 illustrates the electromagnetic exposure levels in key organs, including
the skin, brain, skull, and heart, at various frequencies. The peak B-field is consistently
observed at the scalp, the organ closest to the radiation source, with values of 1.91 µT,
1.8 µT, 1.69 µT, 1.6 µT, and 1.52 µT, corresponding to 7.07%, 6.67%, 6.26%, 5.93%, and 5.63%
of the ICNIRP occupational exposure limits, and 1.91%, 1.8%, 1.69%, 1.6%, and 1.52% of
the ICNIRP public exposure limits, respectively. The peak B-field in various organs within
the adult body decreases as the frequency increases.
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(a) (b) 

Figure 19. Electromagnetic Exposure Levels of Specific Organs at Different Frequencies: (a) Peak
B-field; (b) Peak E-field.

As frequency increases, the electrical conductivity of biological tissues rises, while the
dielectric constant decreases, leading to reduced penetration of the electric field. Due to the
presence of multiple shielding layers in the charging station model (e.g., module casing
and cabinet door) and the proximity of the evaluated frequencies, the variation in E-field
across organs is relatively small. With increasing frequency, the variation in E-field within
the human body is significantly smaller than that of B-field.

4. Conclusions
This study uses the transformer in the DC/DC circuit of a DC charging station module

as the radiation source and employs realistic adult and child human models as exposure
subjects. At an 80 kHz switching frequency, the electromagnetic field excited by the AC
signal input to the primary winding was calculated, and electromagnetic exposure levels
were assessed for individuals in proximity to the charging station and for an adult in
the driver’s seat and a child in the front passenger seat during EV charging. The main
conclusions are as follows:

(1) For an adult standing 0.1 m from the charging pile, the peak B-field (1.91 µT) and the
peak E-field (447 mV/m) in the body are 1.91% and 2.07% of the ICNIRP occupational
exposure limits, respectively, and 7.07% and 4.14% of the public exposure limits. For
the child, the electromagnetic exposure levels (2.31 µT and 259 mV/m) are 8.56%
and 2.40% of the public exposure limits, respectively. These results indicate that
electromagnetic exposure levels for occupational and private individuals near the DC
charging pile are within safe limits.

(2) For an adult standing at distances of 0.1 m, 0.3 m, and 0.6 m from the DC charging pile,
the peak B-field in the body corresponds to 7.07%, 3.02%, and 0.80% of the ICNIRP
public exposure limits, respectively, while the peak E-field corresponds to 2.07%,
1.77%, and 0.44%. For a child at the same distances, the peak B-field is 8.56%, 3.45%,
and 2.15% of the ICNIRP public exposure limits, and the peak E-field is 2.40%, 1.74%,
and 1.43%. These findings demonstrate a significant negative correlation between the
distance from the charging pile and the electromagnetic exposure level in the body.

(3) During electric vehicle charging, the peak B-fields in the body for an adult in
the driver’s seat and a child in the passenger’s seat are 0.0225 × 10−2 µT and
0.0237 × 10−2 µT, respectively. The peak E-fields in the body and brain are 5.81 mV/m
and 5.59 mV/m for the adult, and 5.82 mV/m and 5.67 mV/m for the child, all signif-
icantly below the ICNIRP public exposure limits.

(4) In the typical scenarios (adult at 0.1 m from the charging pile), analyses were con-
ducted at multiple frequency bands, including 85 kHz, 90 kHz, and 95 kHz. The
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results show that as the frequency increases, the peak B-field in the human body grad-
ually decreases, while the E-field in the body shows no significant change, possibly
influenced by the vehicle body. The electromagnetic exposure levels in all frequency
bands are below the ICNIRP safety limits.

This study has certain limitations, and future research will focus on the following
areas: (1) expanding the types of human models to include sensitive populations such as
pregnant women and adolescent females; (2) evaluating electromagnetic exposure from
multiple radiation sources (e.g., inverters and cables) acting concurrently; (3) conducting
field measurements and validation of electromagnetic fields from DC charging stations.

This study addresses gaps in the safety assessment of electromagnetic environments
associated with DC charging stations, providing a scientific basis for establishing electro-
magnetic environment standards and industry exposure limits for EV charging facilities,
thereby contributing to public health protection.
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15. Tokpınar, A.; Altuntaş, E.; Değermenci, M.; Yılmaz, H.; Bas, O. The Impact of Electromagnetic Fields on Human Health: A Review.
Middle Black Sea J. Health Sci. 2024, 10, 229–238. [CrossRef]

16. Dong, X.; Sun, W.; Lu, M. Evaluation of Electromagnetic Fields in Human Body Exposed to Inverter of Pure Electric Vehicle.
Radiat. Prot. Dosim. 2023, 199, 216–229. [CrossRef]

17. Vassilev, A.; Ferber, A.; Wehrmann, C.; Pinaud, O.; Schilling, M.; Ruddle, A.R. Magnetic Field Exposure Assessment in Electric
Vehicles. IEEE Trans. Electromagn. Compat. 2015, 57, 35–43. [CrossRef]

18. Yang, L.; Lu, M.; Lin, J.; Li, C.; Zhang, C.; Lai, Z.; Wu, T. Long-Term Monitoring of Extremely Low Frequency Magnetic Fields in
Electric Vehicles. Int. J. Environ. Res. Public Health 2019, 16, 3765. [CrossRef] [PubMed]

19. Bazhynov, A.V.; Kravtsov, M.M. Electromagnetic danger of electric and hybrid vehicles. J. Mech. Eng. Transp. 2024, 18, 3–9.
[CrossRef]

20. Moreno-Torres Concha, P.; Velez, P.; Lafoz, M.; Arribas, J.R. Passenger Exposure to Magnetic Fields Due to the Batteries of an
Electric Vehicle. IEEE Trans. Veh. Technol. 2016, 65, 4564–4571. [CrossRef]

21. Hasselgren, L.; Mademlis, G.; Lindbeck, Å.; Dahl, O. Inverter Interference on Charging Communication System during 400 V
DC Charging of Vehicle. In Proceedings of the 2022 International Symposium on Electromagnetic Compatibility–EMC Europe,
Gothenburg, Sweden, 5–8 September 2022; pp. 473–478.

22. Lennerz, C.; Schaarschmidt, C.; Blažek, P.; Knoll, K.; Kottmaier, M.; Reents, T.; Bourier, F.; Lengauer, S.; Popa, M.; Wimbauer, K.;
et al. High-Power Chargers for Electric Vehicles: Are They Safe for Patients with Pacemakers and Defibrillators? Europace 2023,
25, euad042. [CrossRef]

23. Park, S. Evaluation of Electromagnetic Exposure During 85 kHz Wireless Power Transfer for Electric Vehicles. IEEE Trans. Magn.
2018, 54, 5100208. [CrossRef]

24. Zhao, J.; Wu, Z.-J.; Li, N.-L.; Yang, T. Study on Safe Distance between Human Body and Wireless Charging System of Electric
Vehicles with Different Power and Frequencies. Electr. Eng. 2020, 102, 2281–2293. [CrossRef]

25. Laakso, I.; Hirata, A. Evaluation of the Induced Electric Field and Compliance Procedure for a Wireless Power Transfer System in
an Electrical Vehicle. Phys. Med. Biol. 2013, 58, 7583–7593. [CrossRef]

26. Lu, M.; Ueno, S. Safety Assessment of H-Coil for Nursing Staff in Deep Transcranial Magnetic Stimulation. IEEE Magn. Lett. 2022,
13, 3104805. [CrossRef]

27. He, Y.; Liu, M.; Liu, X.; Zheng, X.; Zeng, G.; Zhang, J. DC Transformer Compensation for Efficiency Improvement of Electric
Vehicles Wireless Charging Systems. Prog. Electromagn. Res. C 2019, 90, 265–279. [CrossRef]

28. Di Paolo, M. Analysis of Harmonic Impact of Electric Vehicle Charging on the Electric Power Grid, Based on Smart Grid Regional
Demonstration Project—Los Angeles. In Proceedings of the 2017 IEEE Green Energy and Smart Systems Conference (IGESSC),
Long Beach, CA, USA, 6–7 November 2017; pp. 1–5.

29. Mazurek, P.; Chudy, A. An Analysis of Electromagnetic Disturbances from an Electric Vehicle Charging Station. Energies 2021, 15,
244. [CrossRef]

30. Nacu, R.C.; Fodorean, D. Harmonics Mitigation in DC Based Charging Stations for EVs. In Proceedings of the 2021 10th
International Conference on Renewable Energy Research and Application (ICRERA), Istanbul, Turkey, 26 September 2021; pp.
226–230.

31. Zheng, Z.; Zhang, D. Study on Electromagnetic Compatibility of DC Charging Pile. In Proceedings of the 2018 China International
Conference on Electricity Distribution (CICED), Tianjin, China, 17–19 September 2018; pp. 2805–2810.

32. Trentadue, G.; Pinto, R.; Salvetti, M.; Zanni, M.; Pliakostathis, K.; Scholz, H.; Martini, G. Assessment of Low-Frequency Magnetic
Fields Emitted by DC Fast Charging Columns. Bioelectromagnetics 2020, 41, 308–317. [CrossRef]

33. Trentadue, G.; Pinto, R.; Zanni, M.; Scholz, H.; Pliakostathis, K.; Martini, G. Low Frequency Magnetic Fields Emitted by
High-Power Charging Systems. Energies 2020, 13, 1594. [CrossRef]

34. Bae, H.; Park, S. Assessment of the Electromagnetic Radiation Exposure at EV Charging Facilities. Sensors 2023, 23, 162. [CrossRef]
[PubMed]

35. L’Annunziata, M.F. Handbook of Radioactivity Analysis; Academic Press: Cambridge, MA, USA, 2012; ISBN 978-0-12-384874-1.
36. Furse, C.; Christensen, D.A.; Durney, C.H. Basic Introduction to Bioelectromagnetics, 2nd ed.; CRC Press: Boca Raton, FL, USA, 2009;

ISBN 978-0-429-13674-0.

https://doi.org/10.1007/s42835-023-01497-w
https://doi.org/10.3390/en18051099
https://doi.org/10.19127/mbsjohs.1444215
https://doi.org/10.1093/rpd/ncac269
https://doi.org/10.1109/TEMC.2014.2359687
https://doi.org/10.3390/ijerph16193765
https://www.ncbi.nlm.nih.gov/pubmed/31591344
https://doi.org/10.31649/2413-4503-2023-18-2-3-9
https://doi.org/10.1109/TVT.2015.2490105
https://doi.org/10.1093/europace/euad042
https://doi.org/10.1109/TMAG.2017.2748498
https://doi.org/10.1007/s00202-020-01026-2
https://doi.org/10.1088/0031-9155/58/21/7583
https://doi.org/10.1109/LMAG.2022.3198370
https://doi.org/10.2528/PIERC18110702
https://doi.org/10.3390/en15010244
https://doi.org/10.1002/bem.22254
https://doi.org/10.3390/en13071594
https://doi.org/10.3390/s23010162
https://www.ncbi.nlm.nih.gov/pubmed/36616760


Sensors 2025, 25, 5735 23 of 23

37. Maruvada, P.S.; Jutras, P.; Plante, M. An Investigation to Identify Possible Sources of Electromagnetic Field Transients Responsible
for Exposures Reported in Recent Epidemiological Studies. IEEE Trans. Power Deliv. 2000, 15, 266–271. [CrossRef]

38. Misek, J.; Laukova, T.; Kohan, M.; Veternik, M.; Jakusova, V.; Jakus, J. Measurement of Low-Level Radiofrequency Electromagnetic
Fields in the Human Environment. Acta Medica Martiniana 2018, 18, 27–33. [CrossRef]

39. Litvinenko, A.; Yucel, A.C.; Bagci, H.; Oppelstrup, J.; Michielssen, E.; Tempone, R. Computation of Electromagnetic Fields
Scattered from Objects with Uncertain Shapes Using Multilevel Monte Carlo Method. IEEE J. Multiscale Multiphysics Comput. Tech.
2019, 4, 37–50. [CrossRef]

40. Gosselin, M.-C.; Neufeld, E.; Moser, H.; Huber, E.; Farcito, S.; Gerber, L.; Jedensjö, M.; Hilber, I.; Gennaro, F.D.; Lloyd, B.; et al.
Development of a New Generation of High-Resolution Anatomical Models for Medical Device Evaluation: The Virtual Population
3.0. Phys. Med. Biol. 2014, 59, 5287. [CrossRef]

41. Mou, W.; Lu, M. Dosimetry Simulation Research on Electromagnetic Exposure of Wireless Charging Electric Vehicle to Human
Central Nervous System. In Proceedings of the 2021 IEEE 16th Conference on Industrial Electronics and Applications (ICIEA),
Chengdu, China, 1–4 August 2021; pp. 609–614.

42. Mou, W.; Lu, M. Safety Assessment of Wireless Chargers for Electric Vehicles Considering Thermal Characteristics. Radiat. Prot.
Dosim. 2024, 200, 187–200. [CrossRef] [PubMed]

43. Pethig, R. Dielectric Properties of Body Tissues. Clin. Phys. Physiol. Meas. 1987, 8, 5. [CrossRef] [PubMed]
44. Gabriel, C.; Gabriel, S.; Corthout, E. The Dielectric Properties of Biological Tissues: I. Literature Survey. Phys. Med. Biol. 1996, 41,

2231–2249. [CrossRef]
45. Gabriel, S.; Lau, R.W.; Gabriel, C. The Dielectric Properties of Biological Tissues: II. Measurements in the Frequency Range 10 Hz

to 20 GHz. Phys. Med. Biol. 1996, 41, 2251–2269. [CrossRef]
46. Gabriel, S.; Lau, R.W.; Gabriel, C. The Dielectric Properties of Biological Tissues: III. Parametric Models for the Dielectric Spectrum

of Tissues. Phys. Med. Biol. 1996, 41, 2271–2293. [CrossRef]
47. Webb, J.P. Application of the Finite-Element Method to Electromagnetic and Electrical Topics. Rep. Prog. Phys. 1995, 58, 1673.

[CrossRef]
48. Conchin Gubernati, A.; Freschi, F.; Giaccone, L.; Scorretti, R. Analysis of Numerical Artifacts Using Tetrahedral Meshes in Low

Frequency Numerical Dosimetry. Appl. Sci. 2022, 12, 6526. [CrossRef]
49. Ahlbom, A.; Bergqvist, U.; Bernhardt, J.H.; Cesarini, J.P.; Grandolfo, M.; Hietanen, M.; Mckinlay, A.F.; Repacholi, M.H.; Sliney,

D.H.; Stolwijk, J.A.; et al. Guidelines for Limiting Exposure to Time-Varying Electric, Magnetic, and Electromagnetic Fields (up to
300 GHz). Health Phys. 1998, 74, 494–521.

50. International Commission on Non-Ionizing Radiation Protection. Guidelines for Limiting Exposure to Time-Varying Electric and
Magnetic Fields (1 Hz to 100 kHz). Health Phys. 2010, 99, 818–836. [CrossRef]

51. Ziegelberger, G.; Croft, R.; Feychting, M.; Green, A.C.; Hirata, A.; D’Inzeo, G.; Jokela, K.; Loughran, S.; Marino, C.; Miller, S.; et al.
Guidelines for Limiting Exposure to Electromagnetic Fields (100 kHz to 300 GHz). Health Phys. 2020, 118, 483–524. [CrossRef]

52. IEEE Std C95.1-2019 (Revision of IEEE Std C95.1-2005/Incorporates IEEE Std C95.1-2019/Cor 1-2019); IEEE Standard for Safety Levels
with Respect to Human Exposure to Electric, Magnetic, and Electromagnetic Fields, 0 Hz to 300 GHz. IEEE: New York, NY, USA,
2019; pp. 1–312. [CrossRef]

53. Duyn, J.H.; Schenck, J. Contributions to Magnetic Susceptibility of Brain Tissue. NMR Biomed. 2017, 30, e3546. [CrossRef]
[PubMed]

54. Liu, J.; Wang, Y.; Katscher, U.; He, B. Electrical Properties Tomography Based on Maps in MRI: Principles, Applications, and
Challenges. IEEE Trans. Biomed. Eng. 2017, 64, 2515–2530. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1109/61.847261
https://doi.org/10.2478/acm-2018-0010
https://doi.org/10.1109/JMMCT.2019.2897490
https://doi.org/10.1088/0031-9155/59/18/5287
https://doi.org/10.1093/rpd/ncad288
https://www.ncbi.nlm.nih.gov/pubmed/38038046
https://doi.org/10.1088/0143-0815/8/4A/002
https://www.ncbi.nlm.nih.gov/pubmed/3568571
https://doi.org/10.1088/0031-9155/41/11/001
https://doi.org/10.1088/0031-9155/41/11/002
https://doi.org/10.1088/0031-9155/41/11/003
https://doi.org/10.1088/0034-4885/58/12/002
https://doi.org/10.3390/app12136526
https://doi.org/10.1097/HP.0b013e3181f06c86
https://doi.org/10.1097/HP.0000000000001210
https://doi.org/10.1109/IEEESTD.2019.8859679
https://doi.org/10.1002/nbm.3546
https://www.ncbi.nlm.nih.gov/pubmed/27240118
https://doi.org/10.1109/TBME.2017.2725140
https://www.ncbi.nlm.nih.gov/pubmed/28829299

	Introduction 
	Model Construction 
	Human Model Description 
	DC Charging Station Model 
	Dielectric Parameters of Human Tissue 
	Numerical Methods 
	ICNIRP Exposure Limits 

	Electromagnetic Exposure Safety Assessment 
	B-Field Distribution of the DC Charging Station 
	B-Field Distribution Within Adult and Child at Different Distances 
	E-Field Distribution Within Adults and Children at Different Distances 
	B-Field Distribution in Car 
	Driver’s Body B-Field Distribution 
	Driver’s Body E-Field Distribution 
	Electromagnetic Exposure Levels at Different Frequencies 

	Conclusions 
	References

