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Chapter 1

Introduction

1.1. Background

The potential adverse health effects of exposure to electromagnetic fields have been of great
concern. Around the 1980s, the WHO began to address the issue of the health effects of
electromagnetic fields. Interest in the effects of artificial electromagnetic fields on the human
body has largely focused on two frequency bands, the ELF (extremely low frequency) band and
the RF (radio frequency) band, and many studies have been accumulated to elucidate these
effects [1-6]. According to the WHO definition, ELF is below 300 kHz and RF is between 10
MHz and 300 GHz [7]. The interest in ELFs began in the late 1960s with concern over the health
effects of commercial frequency electric fields around electric power facilities, and then shifted
to commercial frequency magnetic fields in 1979 with epidemiological studies by American
researchers [4]. Systematic research on RF has also been conducted in line with the rapid spread
of wireless communications [3]. In the intermediate frequency band between 300 Hz and 10
MHz, which is between ELF and RF, there have been numerous studies on health effects with
the spread of induction cooktops since the 1990s [8].

In particular, power transmission, distribution lines, and other electric power facilities are
installed adjacent to the living areas of the general public. Thus, it is important to consider the
protection of the human body from the electromagnetic fields generated from these facilities.

The frequencies of electromagnetic fields generated around major power transmission and



distribution facilities are in the commercial frequency range (50 Hz or 60 Hz) and their
harmonics. However, leaked electromagnetic fields in the intermediate frequency range
exceeding several hundred kHz may occur around inverters for AC-to-DC conversion and
wireless power transfer facilities. The dominant effect of electromagnetic fields from low
frequencies to intermediate frequencies on the human body is nervous stimulation by induced
currents at frequencies below 100 kHz.

Guidelines for the protection of the human body against electromagnetic fields are provided
in international protection guidelines such as ICNIRP and IEEE standards, as described in the
next section. In Japan, the regulation for the general public of magnetic fields around electric
power facilities was introduced in 2011 in the ministerial ordinances related to electrical
equipment in Japan [12] as described in section 1.1.2, referring to the regulation values of the
ICNIRP guidelines. The safety of the general public living in the vicinity of electric power
facilities and workers directly involved in electric power operations will be ensured through the

elaboration of the regulation values in these international protection guidelines.

1.1.1. International Guidelines for Human Protection from
Electromagnetic Fields

There are two international guidelines/standards that offer protection from environmental
electromagnetic fields: the International Commission on Non-lonizing Radiation Protection
(ICNIRP) [9, 10] and the Institute of Electrical and Electronics Engineers (IEEE) standard
C95.1™-2019 [11]. These guidelines are referenced in World Health Organization documents
and establish limits for the induced in-situ electric fields within the human body for exposure to
electromagnetic fields from 0 GHz to 300 GHz, including low-frequency and intermediate
environmental (external) electronic and magnetic fields. In the low-frequency range, both
external electric and magnetic fields induce an electric field in the human body governed by
distinct physical laws [13]. When exposed to an electric field, surface charges induce a
capacitive current; therefore, an electric field within the body [13]. Regarding magnetic field

exposure, Faraday’s law indicates that eddy currents will occur within the body [13].



The limit for these induced electric fields is known as the "basic restriction" according to
ICNIRP guidelines or “dosimetric references limit (DRL)” per the IEEE standard (hereinafter
referred to as basic restriction). The basic restriction is derived from the threshold for nervous
stimulation, factoring in a safety margin [14, 15]. The basic restrictions in the ICNIRP guidelines

and IEEE standard are listed in Tables 1.1 and 1.2, respectively.

Table 1.1 Basic restrictions in ICNIRP guidelines up to 10 MHz.

Exposure i
characteristic Body part Frequency range Induced electric field [V/m]
1Hz - 10 Hz 0.5/f
10 Hz—- 25 Hz 0.05
) CNS of the head 25 Hz — 400 Hz 2x1073 f
Occupational 400 Hz — 3 kHz 0.8
exposure 3 kHz - 10 MHz 2.7x104f
All tissue of head 1 Hz -3 kHz 0.8
and whole body 3 kHz - 10 MHz 2.7% 10_4f
1Hz—-10 Hz 0.1/f
10 Hz—- 25 Hz 0.01
G 1 oubl; CNS of the head 25Hz - 1000 Hz 0.4x1073f
enera’ public 1000 Hz - 3 kHz 0.4
exposure 3 kHz - 10MHz 1.35x10%f
All tissue of head 1 Hz -3 kHz 0.4
and whole body 3 kHz - 10 MHz 1.35x10*f

* f. frequency [Hz]

Table 1.2 Basic restrictions in IEEE standard up to 5 MHz

. . Controlled environment

. General public condition .

Exposed tissue Je [Hz] condition

Eo [V/m-rms]

Brain 20 5.89x1073 1.77x1072
Heart 167 0.943 0.943
Limb 3350 2.10 2.10
Other tissues 3350 0.701 2.10

*1: Limits for the electric field in the body are E; = Eo for frequencies f = f.and Ej = Eo (f/
fe) for frequencies f > fe.

*2: In addition to the limits in this table, magnetic fields below 10 Hz are limited to a peak
value of 167 mT (general public) and 500 mT (controlled environment).




In addition, permissible external field strength is determined separately for electric and
magnetic field exposure, referred to as the “reference level” in the ICNIRP guidelines or
“exposure reference level (ERL)” according to the IEEE standard (hereinafter referred to as
reference level). The reference level is defined as the external electric/magnetic field that
corresponds to the basic restriction because it is difficult to access internal quantities to make
practical assessments. The reference levels in ICNIRP guidelines and the IEEE standard are

listed in Tables 1.3 and 1.4, respectively.

Fig.1.1 shows comparison of basic restriction for general public and occupational (controlled
environment) condition between ICNIRP guideline and IEEE standard. Fig.1.2 shows
comparison of reference level for magnetic field and electric field between ICNIRP guideline
and IEEE standard. As shown in these figures, there are differences between the ICNIRP
guidelines and the IEEE standard for basic restrictions and reference levels, respectively, due to
differences in the biological basis for the basic restrictions and the method used to derive the

reference levels.

Table 1.3 Reference levels in ICNIRP guidelines up to 10 MHz.

Exposure Frequency range Electric field strength Magnetic flux density
characteristic quency rang [kV/m] [T]
1 Hz—8 Hz 20 0.2/12
Occupational 8 Hz—25 Hz 202 2.5x102/f
exposure 25Hz - 300 Hz 5x10°/ f 1x107
P 300 Hz — 3 kHz 5x10%/f 03/f
3 kHz - 10 MHz 1.7x10"! 110
1Hz-8 Hz 5 0.04/f2
8 Hz - 25 Hz 5 0.5x102/ f
General public 25Hz - 50 Hz 5 0.2x1073
exposure 50 Hz — 400 Hz 2.5x10%/ f 0.2x1073
400 Hz — 3 kHz 2.5x102/ f 0.08/f
3 kHz — 10MHz 0.83x10"! 0.27x10

* f: frequency [Hz]



Induced electric field in body [V/m]

Table 1.4 Reference levels in IEEE standard up to 5 MHz

(a) Electric field

Exposure characteristic Electric field strength £
Frequency range
[V/m]
General public 0 Hz - 368 Hz 5000
condition 368 Hz—3 kHz 1.84 x 106/ f
3 kHz - 100 kHz 614
Controlled environment 0Hz-272 Hz 20000
condition 272 Hz - 2.953 kHz 544 x 10/ f
2.953 kHz — 100 kHz 1842

(b) Magnetic field

General public Controlled environment
Exposed tissue Frequency range condition condition
Magnetic flux density B [mT]
below 0.153 Hz 118 353
0.153 Hz—-20 Hz 18.1/f 543/f
Head and torso 20 Hz- 759 Hz 0.904 2.71
759 Hz - 3350 Hz 687/ f 2060/ f
3350 - 5 MHz 0.205 0.615
below 10.7 Hz 353 353
Limbs 10.7 Hz - 3350 Hz 3790/ f 3790/ f
3350 Hz—- 5 MHz 1.13 1.13

* f. frequency [Hz]
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Figure 1.1 Comparison of basic restriction for (a) general public and (b) occupational
(controlled environment) condition between ICNIRP guideline and IEEE standard.
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Figure 1.2 Comparison of reference level for (a) magnetic field and (b) electric field between
ICNIRP guideline and IEEE standard.

1.1.2. Ministerial Ordinances in Japan

The following limits for electric field strength and magnetic field strength of electrical
equipment are specified in the Ministerial Ordinance establishing technical standards for
electrical equipment based on the electricity business law in Japan [12]. The regulation for

magnetic field strength was introduced in 2011 referring to the reference level for general public
of the ICNIRP guidelines.

Regulations on Electric Field Strength

Extra high-voltage overhead lines shall be installed so that the electric field strength at one
meter above the ground surface is less than 3 kVV/m so that there is no danger of detection by

humans due to electrostatic induction under normal conditions of use. (quoted from article 27
of the ministerial ordinance)



Regulations on Magnetic Field Strength

When transformers, switches, and similar devices or electric lines are installed in places other
than power plants, power storage facilities, substations, switchyards, and places of demand, they
shall be installed so that the average value of magnetic flux density in a space equivalent to the
space occupied by a person in the vicinity of each of said electrical machinery and apparatus,
etc. shall be 200 uT or less at commercial frequency so that there is no risk of affecting human
health under normal conditions of use due to electromagnetic induction effects from these

facility. (quoted from article 27-2 of the ministerial ordinance)

1.1.3. Related Previous Studies and Research Necessity

Differences between ICNIRP Guidelines and IEEE Standards

As described in Section 1.1.1, there are differences between the ICNIRP guidelines and the
IEEE standard in terms of basic restrictions and reference levels, respectively. The reference
levels of magnetic fields in the ICNIRP guidelines are the basis for magnetic field limits in
domestic electric power facilities [12], and elaboration of international protection guidelines is

important to ensure electromagnetic field safety for the public and electric power workers.

Issues Related to Reference Level Derivation

In the ICNIRP guidelines, the results of numerical computations performed using anatomical
human models were used to derive reference levels of the basic restrictions [9]. However, the
IEEE standard uses analytical solutions to determine the electric field produced by magnetic
induction to relate basic restriction and reference levels. An elliptical cross-sectional model with
homogeneous conductivity that simulates each part of the human body was employed [11].
Recently, a new IEEE working group (IEEE International Committee on Electromagnetic Safety
Technical Committee 95 Subcommittee 6) has been formed to investigate the applicability of

computations using anatomical human models in the derivation of reference levels. Accordingly,



a previous study conducted an intercomparison of the electric fields induced in the anatomical
human body by uniform magnetic fields of 50 Hz to 1 MHz among five different research groups
[16]. In that study, the induced field strength exceeded the analytical solution by the
homogeneous elliptic model defined in the IEEE standard at some body parts and frequencies.
However, only magnetic fields alternating in the front-back direction of the human body were
considered, and further confirmation of the IEEE reference level derivation process requires
expansion of the conditions considered.

The elaboration of the reference level of the IEEE standard by applying the results of
computation using the human body model will also contribute to correcting this discrepancy

between the ICNIRP guidelines and the IEEE standard mentioned above.

Effect of Simultaneous Exposure to Electric and Magnetic Fields and their Phase
Difference

The ICNIRP guidelines [9] note that induced electric fields by external electric and magnetic
fields sum up vectorially. However, they also mention that such additive treatment is
infrequently necessary, given the difference in the distributions of electrically and magnetically
induced fields. As such, numerous dosimetric assessments have been reported based on single
magnetic [17-31] or electric [32—41] field exposures. This assessment approach is justified as
in most exposure scenarios, either electric or magnetic field coupling is dominant.

However, in practical scenarios such as under high-voltage overhead power lines (50 or 60
Hz), simultaneous exposure to electric and magnetic fields may occur. In such an environment,
the induced electric fields in humans for respective exposure to electric and magnetic fields
should be evaluated. The induced electric fields due to the electric field and magnetic field may
either constructively or destructively interfere, depending on the location of the human body.
These conditions have been evaluated using an anatomical human body model in previous
studies [42, 43]. These studies suggested considering superposed electromagnetic fields for
conservative evaluation because the induced electric field strength for simultaneous exposure

may exceed that induced by a single component of electric and magnetic fields in some body



parts. These studies assumed that the electric and magnetic fields are in phase. However, a phase
difference exists between the current and the voltage induced by line impedance and power flow
conditions [44, 45]. The impact of this phase difference between the electric and magnetic fields

on the induced electric field in the body has not been quantitatively explored.

Necessity for Advancement of dosimetry methods for electric fields

Anatomical human body models with a resolution of 1-2 mm, which are generally used for
conformity assessments of international standards, consist of millions to tens of millions of
voxels, and a dosimetry is computationally expensive in terms of computer memory and time.
Especially in the dosimetric analysis of low-frequency electric field exposure [32-41], the
computational cost tends to be large due to the complexity of the physical process, in which
surface charges generated on the human body surface by electrostatic induction induce
capacitive currents in the body. Conventional dosimetric methods for exposure to electric fields
include the quasi-static difference time domain (QS-FDTD) method [21], [34-36] and methods
based on the scalar potential finite difference (SPFD) method [37, 38], both of which require the
consideration of electrical quantities in the external space of the body in addition to the body,
and thus require a huge computational cost. To efficiently solve the other research problems
mentioned above, this computational burden must also be addressed as a practical issue.

In this regard, there are many examples of dosimetry for magnetic field [17-31], but few
examples of dosimetry for electric field [32—41]. Establishment of a computationally efficient
method for electric field dosimetry will make it possible to evaluate the overall effects of

electromagnetic fields at low frequencies.



1.2. Contents of this Thesis

This study assessed the issues related to the validity of the reference levels of electromagnetic
fields at low-to-intermediate frequencies in the international guidelines based on computational
dosimetry applying anatomical human body models. The motivations of this study are as

follows:

1. To develop improved computational methods for dosimetry of human exposure to
electric fields with increased computational efficiency, thereby reducing computational
time and memory. It enables a comprehensive evaluation of electromagnetic field effects

at low frequencies.

2. To verify the consistency between the reference level and the basic restrictions in the
IEEE standard by computational dosimetry using anatomical body models of adult males

and females.

3. To evaluate the effect of simultaneous exposure to electric and magnetic fields and their
phase difference on the induced electric field in the human body. It is especially
important to assess whether the basic restriction of exposure guidelines is still met when

considering the phase difference for simultaneous exposure.

By solving issue 1, the comprehensive dosimetry method for electric/magnetic fields at low
frequencies can be strengthened, allowing for the study of issues 2 and 3. The discussion of 2
and 3 may provide important insights for the elaboration of the international protection

guidelines.

The contents of this thesis are as follows.

Chapter 1 contains the background and motivation of this study.

Chapter 2 explains anatomical human models and computational methods. First, the
anatomical three individual human models are presented. Next, the SPFD method, a

computational method for deriving the induced electric field due to the magnetic field, and the

10



post-processing method for the induced electric field are described. Finally, the acceleration of
the computational process is presented.

Chapter 3 proposes a new dosimetry method for electric field exposure that combines the fast-
multipole surface charge method and the SPFD method to reduce computational costs. The
validity and performance of the proposed method are evaluated via comparisons with the
conventional QS-FDTD method using an anatomical human body model.

Chapter 4 verifies the consistency between the reference level and the basic restrictions in the
IEEE standard by dosimetry using anatomical human body models of adult males and females.
A spatially uniform magnetic field with the strength of the reference level is applied to the human
body model in the frequency range of 0.5 Hz to 5 MHz, and the induced electric fields in the
body are evaluated via dosimetry analyses of the brain, heart, limbs, and other tissues of the
body subject to the basic restrictions of the standard, and compared with the basic restrictions.

Chapter 5 examines the effects of phase differences of electromagnetic fields on induced
electric fields in the body under conditions of simultaneous exposure to electromagnetic fields
by dosimetry analyses using anatomical human body models of adult men, women, and children.
Electric and magnetic fields with a frequency of 50 Hz and a phase difference of —90° to +90°
are applied to a human body model with the strength equivalent to the reference level of ICNIRP
guidelines and IEEE standards, and the induced electric field in the body is evaluated by
dosimetry analyses and compared with the basic restrictions.

Chapter 6 summarizes this study.

11



Chapter 2
Models and Methods

2.1. Overview

In this thesis, we compute the induced electric fields by magnetic and electric field in the
anatomical human models. Three anatomical human body models were assumed for the
computations: male and female adults, and child.

The induced electric fields by magnetic fields are computed applying the SPFD method.
Besides, the 99%ile value was applied as a post-processing to reduce the stair-casing
approximation error in the model. The induced electric fields by electric fields are computed
applying the two-step process method combining fast-multipole surface charge and SPFD
methods described in chapter 3. To speed up the method, a fast multipole method was applied.

This chapter describes the anatomical human models and computational models.

2.2. Anatomical Human Models

The Japanese adult male detailed anatomical model “TARO” and female model “HANAKO”
[46] and the 3 years old child model (sex not specified) [47] developed at NICT (National
Institute of Information and Communications Technology, Japan), as shown in Fig. 2.1, were
used to evaluate the induced electric fields by external electric and magnetic fields. These three
models were contrasted as necessary to test the effects of differences in body size due to gender
and age on dosimetry results. In these models, 54 types of tissue are segmented. The voxel
resolutions of the model are 2 mm for the adult models and 1 mm for the child model,
respectively. TARO model is used in Chapter 3-5. HANAKO model is used in Chapter 4 and 5.
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The child model is used only in Chapter 5. Specifications regarding the number of model
elements are shown in Table 2.1.

The electrical conductivities of each tissue at 50 Hz used in Chapter 3 and 5 are listed in Table
2.2. These values are based on the electrical constant reported by Gabriel [48]. As shown in the
table, the body part “Brain” consists of cerebellum, grey matter, hypothalamus, pineal gland,
pituitary, thalamus, and white matter in our study.

In Chapter 4, the electrical conductivities of each tissue at each frequency are set based on the
electrical constant database developed by IFAC (Institute of Applied Physics, a part of the Italian
National Research Council, Italy) [57]. As the database offers electrical constants for frequencies
of 10 Hz and over, the data at 0.153 Hz were substituted by those at 10 Hz. The electrical
conductivities at 50 Hz and 1 MHz are listed in Table 2.3 as representative cases. The values of
0.1 S/m (0.153 Hz~167 Hz), 0.2 S/m (3350 Hz), 0.5 S/m (1 MHz), and 0.6 S/m (5 MHz) were

assigned for skin. The composition of the body part “Brain” is similar to that of Table 2.2.

\I\
ny
(a) (b) (c)
Figure 2.1 Anatomical models of (a) an adult male, (b) an adult female, and (c) a 3-year old
child
Table 2.1 Specifications concerning the number of model elements.
Model Voxel resolution Total model size Total pumber of Number of surface
effective voxels elements
Adult male 2mm 320%160%866 7,977,906 713,076
Adult female 2 mm 320%x160%804 6,276,179 572,449
3-year old child 1 mm 290%x172%880 12,586,324 897,820
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Table 2.2  Electrical Conductivities of Tissues at 50 Hz (used in Chapter 3 and 5).

Tissue type Conductivity (S/m) | Tissue type Conductivity (S/m)
Cerebellum * 0.10 Pancreas 0.35
CSF 2.0 Prostate 0.40
Cornea 0.40 Small intestine 0.50
Eye tissue (sclera) 15 Spleen 0.10
Grey matter * 0.10 Stomach 0.50
Hypothalamus* 0.080 Stomach contents 0.35
Lens 0.25 Tendon 0.30
Pineal gland * 0.080 Testis 0.35
Pituitary * 0.080 Thyroid 0.50
Salivary gland 0.35 Trachea 0.35
Thalamus * 0.080 Urine 0.70
Tongue 0.30 Air (internal) 0.0
White matter * 0.060 Blood 0.70
Adrenals 0.35 Cortical bone 0.020
Bladder 0.20 Bone marrow 0.060
Large intestine 0.10 Cartilage 0.18
Large intestine contents 0.35 Fat 0.040
Duodenum 0.50 Muscle 0.35
Esophagus 0.50 Nerve (spinal cord) 0.030
Bile 14 Skin 0.10
Gall bladder 0.20 Tooth 0.020
Heart 0.10 Ligament 0.30
Kidney 0.10 Small intestine contents 0.35
Liver 0.070 Diaphragm 0.35
Lung 0.14 Seminal vesicle 0.35

* indicates brain tissues (CNS tissues of the head)
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Table 2.3  Electrical Conductivities of Tissues at 50 Hz and 1 MHz (used in Chapter 4).

Tissues 50 Hz 1 MHz Tissues 50 Hz 1 MHz
Cerebellum * 0.0953 0.185 Ovary 0.321 0.358
CSF 2.00 2.00 Pancreas 0.521 0.603
Cornea 0.421 0.656 Prostate 0.421 0.562
Eye tissue (Sclera) 1.50 1.50 Small Intestine 0.522 0.865
Grey Matter * 0.0753 0.163 Spleen 0.0857 0.182
Hypothalamus* 0.0753 0.163 Stomach 0.521 0.584
Lens 0.321 0.375 Stomach Contents 0.233 0.503
Pineal Gland * 0.0753 0.163 Tendon 0.270 0.392
Pituitary * 0.0753 0.163 Testis 0.421 0.562
Salivary Gland 0.233 0.503 Thyroid 0.521 0.603
Thalamus * 0.0753 0.163 Trachea 0.301 0.373
Tongue 0.271 0.388 Urine 0.700 0.822
White Matter * 0.0533 0.102 Uterus 0.229 0.564
Adrenals 0.233 0.503 Blood 0.700 0.822
Bladder 0.205 0.236 Cortical Bone 0.0201 0.0244
Breast Fat 0.0226 0.0258 Bone Marrow 0.0412 0.0473
Large Intestine 0.0545 0.314 Cartilage 0.171 0.233
Large Intestine Contents | 0.233 0.503 Fat 0.0196 0.0251
Duodenum 0.521 0.584 Muscle 0.233 0.503
Esophagus 0.521 0.584 Nerve (Spinal Cord) 0.0274 0.130
Bile 1.40 1.40 Skin 0.100 0.500
Gall Bladder 0.900 0.90 Tooth 0.0201 0.0244
Heart 0.0827 0.328 Ligament 0.270 0.392
Kidney 0.0892 0.278 Small Intestine Contents | 0.233 0.503
Liver 0.0367 0.187 Diaphragm 0.233 0.503
Lung 0.137 0.235 Seminal Vesicle 0.233 0.503

* indicates brain tissues (CNS tissues of the head)
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2.3. Computational Methods

2.3.1. Induced Electric Field by Magnetic Field (SPFD Method)

The internal electric fields induced in the human body were computed using the SPFD (Scalar
Potential Finite Difference) method [49]. Under the quasi-static condition, electric fields can be
represented as

E(r)=—jwA(r) —Ve¢(r) (2.1)
where E, @, A, and ¢ are the internal electric field, angular frequency, magnetic vector potential,

and electric scalar potential, respectively. Assuming a continuity condition for the current

density
V-[o(r)E(r)]=0 (2.2)
Eq. (2.1) is reduced to the differential equation
-V [o(ven]=V-[iecn)An)] (2.3)
and subject to the boundary condition
a(rE(r)-n(r)=0 (2.9)

where o is the electrical conductivity of the body tissue and n is the normal vector at the body
surface. Integrating Eq. (2.3) with respect to the volume of a voxel and choosing the node of the
voxel as the collocation, we derive the discretized form of the dominant equation
6 6 6

S st~ 300 Jho = 103075, 29)

n=1 n=1 n=1
where n denotes the index of 6 voxel nodes around the subjected node, and sn, ¢, In, and Ao, are
the voxel edge conductance, electric scalar potential at a node, voxel edge length, and magnetic
vector potential at the voxel edge center, respectively. Note that Eq. (2.4) is implicitly satisfied
by Eq. (2.5) because s, = 0 for nodes outside the model. The unknown electric scalar potentials
at all the nodes are derived by solving the simultaneous equation that is formed by imposing Eq.
(2.5) on all nodes. A numerical solution of this simultaneous equation was derived using the Bi-

CGSTAB method [50]. Induced internal electric fields are derived from the gradient of the
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electric scalar potential by taking the difference between values at two adjacent nodes on the
voxel edge. The induced electric field value at the voxel center was derived by taking the average

of the values at four parallel edge centers.

2.3.2. Post-processing Algorithm

In computational dosimetry, the stair-casing approximation of voxel human model may result
in a significant error if pre-/post-processing is not appropriately performed [51], [52]. In this
thesis, the 99%ile value, which is defined in ICNIRP guideline [9] is employed as the maximal
value of the induced electric field.

2.3.3. Speeding Up of Computational Process (Fast-Multipole Method)

The fast-multipole method (FMM) [58] is a computational method that can evaluate
Coulomb-type interaction computations for many-body particle systems with a computational
complexity of O (N), which originally required O(N?). It has been applied in various fields
dealing with many-body systems, such as astrophysics [59] and molecular dynamics calculations
[60], and has also been applied in the field of electromagnetic field analysis [61] ~ [64]. FMM
is used to speed up matrix-vector product operations in Chapter 3.

In FMM, a hierarchical nested structure of rectangular cells is defined to encompass the
elements (particles) to be computed for the interaction. The processing procedure of FMM
consists of two processes: Upward Pass, in which multipole expansion coefficients are computed
from the leaf cell to the root cell, and Downward Pass, in which local expansion coefficients are
computed from the root cell to the cells in the lower hierarchical levels. In Upward Pass, the

multipole expansion factor M,™ is first computed for a leaf cell by the following equation.
k
M rr]n = ZqipinYnim (@, B) (2.6)
i=1

where g is the total charge (i =1, 2, ..., k) contained in the leaf cell, ( g, a, £ ) are the polar
coordinates of element i measured from the leaf cell center, and Y,™ is the spherical harmonic

function. Next, the multipole expansion coefficients of the leaf cell (A) are transformed and
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added according to the following formula to compute the multipole expansion coefficients of

the cell one above (B) (M2M transformation).

L g ASM lsmls-m] am asem nys-m
VICHS 35S M ™ AnSA\—n P (., ) 27)
n=0 m=-n A
where A," is expressed as
m_ (-0)"
A (n=m)!(n+m)! (2.8)

Here, ( p, a, B) are the polar coordinates of the center of gravity of the destination cell B with
respect to the center of gravity of the source cell A. The definition is the same for the following
various transformation operations: By performing M2M transformation up to the root cell and
then up the hierarchy, the multipole expansion coefficients for all hierarchical cells can be
computed.

In Downward Pass, local expansion coefficients can be defined for cells in all layers by
performing the operation of converting multipole expansion coefficients of a child cell (A) in a
neighboring cell of the parent cell that is not adjacent to its own cell (B) to local expansion
coefficients (M2L transformation, eq. (2.9)) and also by performing the operation of converting
local expansion coefficients of the parent cell (A) to local expansion contributions of the child
cell (B) (L2L transformation, eq. (2.10)).

=y > M W AT A P (e, B) 2.9)
n=0 m=-n (_]_)" A‘T;kphm—l .
koS & LA s mj-{m—k|-{k| Am-k Ak -y k(o
R I (210)

where p is the censoring order of the local expansion, and the larger p, the better the accuracy of
the approximation.

Finally, the local expansion coefficients of the leaf cells are used to compute the contribution
of the interaction from all elements except the elements of its own cell and its neighboring cells

by the following formula.

6= D LI, ) (21)

n=0 m=—n

The interaction by the elements in its own cell and adjacent cells is not included in the local
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expansion coefficients, so it is computed directly. In this way, the interaction computation is
performed hierarchically, and finally the interactions by all elements other than the own cell and
adjacent cells are included in the local coefficients, which reduces the amount of computation

for the interaction computation between N bodies, which originally requires O (N2),to O (N).
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Chapter 3

Development of Two-Step Process
Method of Dosimetry Under ELF
Electric Field Exposure Combining
Fast-Multipole Surface Charge and
SPFD Methods

3.1. Overview

This chapter proposes a two-step process method combining the fast-multipole surface charge
and SPFD methods to evaluate the electric field induced in human body exposed to ELF electric
field. The proposed method was applied to a comprehensive anatomical human model to derive
the internal electric field induced by external ELF electric field. Because the proposed method
does not need to take any electric quantity into account outside the body, it saves a considerable
amount of memory and computation time, as compared with the QS-FDTD method that is
frequently used in previous studies.

The results presented here were published in [72].
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3.2.  Proposed Method

3.2.1. Overview of Proposed Method

The surface of the human body exposed to a low-frequency electric field induces a surface
charge that cancels out the external electric field, and a capacitive current flows inside the body
driven by the fluctuation of the surface charge, resulting in an electric field inside the body [13].
The proposed method consists of two steps, the surface charge method and the SPFD method
[49], corresponding to these two-step processes. Fig. 3.1 shows a schematic diagram of the
proposed method. In the first step, the surface charge induced on the human body surface is
computed by the surface charge method. In the second step, the induced electric field in the body
is computed by the SPFD method using the surface charge as the source term.

The governing equations of the surface charge method are N x N dense matrices (N is the total
number of elements on the surface of the human body model) because they are composed of
many-body interactions among all surface elements. As described in Section 3.3, for a detailed
anatomical human body model with a resolution of several millimeters, N can be as large as
several hundred thousand, which involves an enormous computational load. To solve this
problem, the proposed method incorporates the fast multipole method into the surface charge
method to significantly reduce this computational load. In the following sections, we describe
the details of the surface charge method, the fast multipole method, and the SPFD method,

respectively.
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1st step : FMM-Surface Charge Method
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Figure 3.1 Schematic diagram of the proposed method.

3.2.2. 1%t Step: Surface Charge Method

The proposed method first computes the surface charge induced on the surface of the human
body by the electric field. The following integral equation is derived from the condition that the

electric field inside the body created by the surface charge cancels the external electric field [13].

1 < Y (qj) o.(q")
s dS — s\Hj dS, + - ri + :0 31
472'80 1 S; r _qj‘ i .[s} i_qu j ) t( ) ¢0 ( )

where r; is the center location of discretized surface elements, S; is the integral area of surface
elements, qi is the position vector in surface element, ¢ is the electric scalar potential due to
external electric field and given by gex ()= — Eex: 1 in the case of uniform external electric field
Eext, ¢ is the reference value for electric scalar potential, g is the surface charge density, and

N is the number of surface elements. The first and second terms in brackets “[ ]”” within Eq. (3.1)
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represent the Coulomb potential due to the other charge elements and the contribution to the
Coulomb potential due to the shadow charge elements, respectively. The latter accounts for the
earth’s conduction effects and is not necessary when dealing with exposure to electric fields
under conditions in which the human body can be considered to be placed in free space
(hereinafter referred to as "free space conditions™). In the proposed method, the center of the
surface element is assumed to be the collocation, and the surface charge is assumed to be
constant on the element, henceforth, ps (ri) = ps . Based on this, equation (3.1) is formulated for

all elements ri (i =1, 2, ..., N) to derive the following simultaneous equations.

My, My, o My ][ pf Pee (1) + &,
Mo Mz Moy p‘%‘Z) =- ¢e“(r2.)+¢° (32)
My My, o My [ et (y) + &
Here, Mj; is given by following equation.
Mi = 4; D |r.d_s q| -l |r.d_S qJ (3.3)
0 i i i j

In the free-space condition or the condition where the body is suspended to the ground and there
is no electrical contact (hereinafter referred to as the floating condition), the following equation

is valid because the total charge on the body surface is conserved.

POAS, +pPAS, +--+ pMAS, =0 (3.4)

Here, AS; represents the area of the i-th surface element, but in the case of voxels, 4S; is constant

for all elements, so it can be divided from equation (3.4) to derive

PP+ p@ 4ot pV =0 (3.5)

By combining equations (3.5) and (3.2), the following equation is derived.
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My, -My M-My, - My —My pél)
My —My My =My, o My =My, Péz)

1 1 1 péN>
¢ext(r1) - ¢ext(rN )
_ ¢ext(r2) - ¢ext(rN)

(3.6)

0
The unknown number o @ is derived by solving equation (3.6) numerically. Note that equation
(3.5) is not necessary when the human body is grounded, so equation (3.2) can be constructed
and solved after excluding the surface elements on the ground plane. As can be seen from Egs.
(3.2)—(3.6), the coefficient matrix of the governing equations of the surface charge method is a
dense matrix with N x N elements and is asymmetric. For this reason, the Bi-CGSTAB method
[50], which is one of the methods applicable to asymmetric and dense matrices, was applied as
a numerical solution method for the governing equations. When the coefficient matrix is a dense
matrix, an iterative solution method such as the Bi-CGSTAB method requires an order O ( N?)
of operations to compute the matrix-vector product per step. In the detailed anatomical human
body model [46], which is the subject of this study, N is several hundred thousand, so the
computational load is enormous. Therefore, we applied the fast multipole method to reduce the

computational load of the matrix-vector product. The details of the application of the fast

multipole method are described in the next section.

3.2.3. Speeding Up of Solution Process Applying FMM

The FMM described in Section 2.3.3 is applied to speed up the solution process of the surface
charge method. As described in the previous section, when the Bi-CGSTAB method is applied
to solve equations (3.2) or (3.6), the computation of the matrix-vector product per step requires
O (N?) operations, but by applying FMM, this load is reduced to O (N ). In incorporating FMM

into the surface charge method, the following points (1) and (2) were taken into account,
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referring to previous studies [61] ~ [65].

(1) Computation of Shadow Charge Contribution

The contribution from the shadow charge was taken into account by assuming a cell structure
in the shadow image region as well and adding the local expansion coefficients of the shadow
image region as a target during the M2L transform, as described in ref. [64]. The local expansion
coefficients of the shadow image part do not need to be computed anew, but can be computed
by the following equation for the local expansion coefficient M of the real image, using the

symmetry of the spherical harmonic function.
M/™ = (=)™ M (3.7)

Note that the bottom surface of the root cell is defined to be tangent to the earth to prevent leaf
cells containing charges in the vicinity of the earth from crossing over the earth. In this case, for
the leaf cell that is tangent to the earth, in addition to the M2L transformation described above,
the direct computation contribution by the elements in the neighboring cells in the shadow side

region of the cell must also be added.

(2) Speeding Up of Direct Computation Part

In FMM, the effect of distant elements is taken into account through local expansion
coefficients, but the effect of elements belonging to adjacent leaf cells must be evaluated by
direct computation [58], [64], [65]. Therefore, it is also important to speed up the direct-
computation part. The proposed method, based on Hamada et al.'s method [63], uses the
characteristic of voxels that the centers of surface elements are arranged in a grid pattern to
precompute the direct-computation part and retain the results as a three-dimensional array,
thereby significantly reducing the computational load on the direct-computation part. Since the
area requiring direct computation is up to the adjacent leaf cells, the array size to hold the pre-
computed results is only a few dozen per dimension at most when the leaf cells are about 10

voxels per side, as in the computational conditions in this study.
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As shown in Appendix A, the speed-up effect of the matrix-vector product computation when
FMM is applied compared to when FMM is not applied is about 60 times faster for the scale of
the detailed human body model used in this study (N = 700,000 or so). Since the M2L
transformation generally has a large load and becomes a bottleneck in the fast multipole method,
there are reports that the load is greatly reduced by applying a rotational transformation of the
coordinate axes or a diagonalization transformation using exponential expansion to the M2L

computation process [63], [64].

3.2.4. 2" Step: SPFD method

The SPFD method computes the induced electric field in the body by solving the difference
equation with the electric scalar potential as the unknown and taking the gradient of the derived
electric scalar potential [49]. Other applications than electric field exposure have been reported,
such as the computation of induced electric fields due to magnetic field exposure with the source
term as a vector potential [16], [17], [24], [49] and the computation of currents in a body with the
contact current of a charged object as a source term [66], [67]. In the proposed method, the
surface charge o derived by solving Egs. (3.2) or (3.6) is treated as the source term.

According to the conservation law of current density, the following boundary condition is

established at the surface of the human body.
n(r)-o{r)Ve(r) = - jops(r) (38)
In addition, the following differential equation holds inside the body
V- [o(rVe(r)]=0 (3.9)

where o is the conductivity and ¢ is the electric scalar potential. By discretizing equations (3.8)
and (3.9) with the voxel vertex position as the defining point of the electric scalar potential, the

following equation is derived.
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6 6 COALZ -
lel(i,n)¢l(i,n) _[lel(i,n)j¢i S 1 zpéj(’ ) (3.10)

m=1

where ¢: the electric scalar potential of node i, I(i, n): the index of the adjacent nodes of node i
(n=1, 2, ..., 6 correspond to the left, right, front, back, top and bottom neighbors of node i,
respectively), Si, n): the conductance between adjacent nodes, AL: the size of one side of a voxel,
J (i, m): the index (m =1, 2, ..., 12) of the 12 sides sharing node i. In implementing the program,
it is possible to consider both equations (3.8) and (3.9) in equation (3.10) alone by defining array
variables so that o (J (i, m)) = 0 if the side pointed to by the index J (i, m) does not contain any
nodes on the surface. The electric scalar potential is derived by solving a simultaneous linear
equation consisting of equation (3.10) for all nodes (i =1, 2, ..., N'). The gradient of the electric
scalar potential yields the induced electric field in the body. In other words, as shown in the
following equation for the x component of the electric field, the electric field at their midpoint
can be derived by the difference between adjacent nodes (the same concept applies to the y and

Z components).

E (i+1/2, jk)=-20+1 J"‘<A)L—¢(i, j. k)

where (i, j, k) are the lattice coordinates with the voxel vertices as lattice points. The average of

(3.11)

the electric fields at the midpoints of the four parallel sides of a voxel, derived by Eq. (3.11),
gives the electric field at the center of the voxel (hereafter, the voxel's electric field). Since
equation (3.8) is a Neumann boundary condition, the potential reference may be undefined if
only equation (3.10) is used. Therefore, as a Dirichlet boundary condition, we apply the
condition that the average potential in the body is zero under the free space condition or the

floating condition, as shown in the following equation.
¢1+¢2+"'+¢N’:0 (3.12)

In the grounding condition, this equation is no longer necessary, and instead, the condition that
the potential of the nodes on the ground plane is 0 is applied. By incorporating the condition in

equation (3.12), the coefficients of the simultaneous equations become an asymmetric matrix.
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Therefore, the Bi-CGSTAB method is applied to the SPFD method as well as the surface charge

method to solve the governing equations.

3.3.  Verification of Proposed Method Using

Anatomical Human Model

3.3.1. Common Computational Conditions

The proposed method was applied to compute the induced electric field in the body under the
vertical uniform electric field exposure condition (50 Hz) using a detailed anatomical human
body model. The validity of the proposed method was verified by comparison with the
conventional quasi-static finite difference time domain (QS-FDTD) method (Appendix B). The
model for the computations was the adult male model TARO, described in detail in Section 2.2.
Two types of exposure conditions to the electric field were assumed: free-space conditions and
a case in which the earth was considered. The electric field was assumed to be a vertical, spatially
uniform, AC electric field with an intensity of 1 kV/m and a frequency of 50 Hz. In the following
figures, X, Y, and Z are defined as the left-right, front-back, and height directions of the human
body, respectively.

Iterative modification of the solutions by the Bi-CGSTAB method for the surface charge and
SPFD methods was performed until the residuals of the simultaneous equations|lb — Ax||/||bl|
(where || || is the 2-norm of the vector) were 108 and 5x10°®, respectively. The leaf cell of the
FMM was a cubic region made of 10 x 10 x 10 voxels, and the censoring order p of the multipole
expansion was set to 6. The value of p was determined by prior verification so that the error of
the matrix vector product computation when FMM is applied relative to when FMM is not
applied (i.e., ||b2— b1 ||/ || b1 || where by is the matrix vector product derived by direct computation
without FMM and b is that with FMM) is less than 1/1000 %.

For the QS-FDTD computations, 16 layers of PML absorbing boundaries were used, and a
separation of 6.4 cm (32 voxels) was maintained between the PML absorbing boundaries and
the human body model to further reduce the influence of reflected waves. lterative updates of
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the electromagnetic field were performed until the relative change per step in the electric field
in the body was less than 10 of the value of the previous step.

3.3.2. Induced Electric Field Under Free-space Conditions

Fig. 3.2 shows the spatial distribution of surface charge density derived by the proposed
method under free-space conditions. The figure shows that positive charge densities are
observed on the head and shoulders, while negative charge densities are conspicuously
distributed on other parts of the body. Fig. 3.3 (a) shows the distribution of the induced electric
field strength in the body in a cross section near the center of the human body model in the Y
direction (cross section near Y = 0.9 cm when the Y direction of the model domain is assigned
to —15.9 cm ~ 15.9 cm) derived by the proposed method. Fig. 3.3 (b) shows the average value
of the induced electric field intensity in each horizontal cross section in the height direction. In
addition, Table 3.1 shows the average, maximum, and 99th percentile values (99 % value) for
brain tissue, spinal cord, and whole body, based on the evaluation method described in Section
2.3.2.

Surface charge density
[nC/m?]

50
40

Figure 3.2  Spatial distribution of surface charge density.
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Computational results of inner electric field induced by vertical electric field (50

Hz, 1 kV/m) in free space. (a) Distribution of induced inner electric field at cross section (Y =

0.9 cm),

Table 3.1

(b) Vertical distribution of average value of induced inner electric field strength in

each Z cross section.

Average, maximum, and 99" percentile values of induced electric field strength

|[E| (mV/m) in the brain, the spinal cord, and whole body.

Diff
Tissue | Statistics Proposed QS-FDTD tHierene
method e

Average 0.406 0.411 -1.22 %
Brain Max 2.15 2.17 -0.92 %
99t %ile 0.983 0.993 -1.01 %
Average 0.684 0.688 -0.58 %

Spinal 5
Max 5.40 5.43 -0.55 %

cord

99t %ile 2.19 2.21 -0.90 %
—_— Average 0.622 0.626 -0.64 %
bog 1 Max 7.59 7.67 1.04%
Y 99th %ile 2.16 2.18 -0.92 %
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Fig. 3.3 (b) and Table 3.1 also show the results of computations under the same conditions using
the QS- FDTD method in addition to the proposed method for comparison. In the same figure
and table, the difference between the proposed method and the QS-FDTD method (= [(proposed
method)-(QS-FDTD method)]/(QS-FDTD method)) is also shown.

As shown in Fig. 3.3 (a), (b), the induced electric field strength is characterized by an increase
in the electric field strength at locations with a small horizontal cross-sectional area, such as near
the knees and ankles. This is considered to be because, as is well known, under the exposure
conditions of the present study, the electric current mainly flows in the direction of height, and
the electric current is concentrated in areas with small cross-sectional areas, and the electric field
is increased accordingly. Fig. 3.3 (b) shows that the proposed method evaluates 0.2 % to 10 %
smaller than the QS-FDTD method for the average value in each horizontal cross section,
although it is difficult to distinguish the difference visually because the results of them almost
overlap at the waveform level. In addition, Table 3.1 shows that the proposed method evaluates
the 99 % value of the electric field in each tissue to be 1.22 % smaller than the QS-FDTD method
at the maximum. The reason why the proposed method evaluates the electric field smaller than
the QS-FDTD method is considered to be the effect of small reflected waves at the PML
absorption boundary in the computation by the QS-FDTD method. In other words, it is thought
that the residual reflected waves in the computational space increase the effective external
electric field, and thus the induced electric field in the body is evaluated to be larger. In Fig. 3.3
(b), the differences in the averaged values within each horizontal section are larger near the top
of the head (around Z = 173 ¢cm) and near the soles of the feet (Z = 0 cm). This may be due to
the fact that the PML absorbing boundary is significantly less effective for electromagnetic fields
whose incident direction is parallel to the boundary plane [54]. Note that the Berenger’s PML
absorption boundary [55] was used in this study, and the absorption performance for the
horizontal incident component is low. Specifically, it is considered that the PML absorption
boundary facing the top of the head and the soles of the feet is less effective because the external
electric field in the Z direction is dominant under the present computational conditions. This is
also consistent with the above speculation that the reflected wave at the PML absorption

boundary is the reason for the difference from the proposed method.
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3.3.3. Induced Electric Field Under Consideration of the Ground

For more realistic conditions, computations were performed under the condition of a perfectly
conductive ground. There were two analysis cases: one in which the soles of the feet were
floating by 1 cm above the ground (hereafter referred to as the “floating by 1cm” condition) and
the other in which both feet were grounded (hereafter referred to as the “grounded by both feet”
condition). The floating by 1cm and grounded by both feet conditions were assumed for the case
of wearing shoes and standing upright on the ground in a wet condition, respectively.

Fig. 3.4 shows the distribution of the induced electric field strength in the body derived by the
proposed method under the conditions of floating by 1cm and grounded by both feet (the position
of the cross section is the same as in Fig. 3.3 (a)). Fig. 3.5 shows the average strength of the
induced electric field in the body in each horizontal cross section in the direction of body height.

Table 3.2 shows various statistics as in Table 3.1 for the brain, spinal cord, and whole body.
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Figure 3.4  Distribution of induced electric field at cross section (Y = 0.9 cm) induced by
vertical electric field (50 Hz, 1 kV/m) under (a) floating by 1cm and (b) grounded by both feet
conditions derived by proposed method.
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Figure 3.5  Vertical distribution of average value of induced inner electric field strength in
each Z cross section with perfect conducting ground.

Table 3.2 Average, maximum, and 99" percentile values of induced electric field strength
|[E| (mV/m) in the brain, the spinal cord, and whole body.

Floating by 1cm Grounded by both feet
Tissue Statistics Proposed Proposed
method QS-FDTD method QS-FDTD
Average 0.520 0.446 0.685 0.475
Brain Max 2.75 2.36 3.61 2.51
99th %ile 1.26 1.08 1.66 1.15
. Average 0.952 0.770 1.35 0.861
Spinal
Max 7.42 6.06 104 6.71
cord -
99th %ile 3.09 2.47 4.50 2.78
Whol Average 1.10 0.787 1.87 0.997
oe Max 20.1 12.9 63.5 29.1
body -
99th %ile 4.98 3.26 11.0 5.10
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Fig. 3.3 to Fig. 3.5, Table 3.1 and Table 3.2 show that the electric field strength increases in
the order of the grounded by both feet condition, the floating by 1cm condition, and the free-
space condition. This is thought to be due to the fact that the closer the distance between the
ground and the human body, the greater the attraction between the surface charge and the shadow
charge, and the greater the induced surface charge. In addition, the induced electric field in the
body by the proposed method is larger than that by the QS-FDTD method under the conditions
of grounded by both feet and floating by 1cm. The reasons for this are examined in the next

section.

3.4. Performance Evaluation of Proposed Method in

Comparison with Conventional Method

The effectiveness of the proposed method in reducing the computational load is verified
through a comparison with the conventional QS-FDTD method. It has been reported that the
distance between the absorbing boundary and the target (i.e., the size of the analysis space)
affects the computational accuracy of the QS-FDTD method [34], [68]. Therefore, prior to the
comparative study, we verified the correlation between the size of the analysis space and the
intensity of the induced electric field in the body using the QS-FDTD method.

As shown in Fig. 3.6 (a), the separation d between the space occupied by the human model
and the PML absorption boundary was set from 6.4 cm to 224 cm. To reduce the computational
load, a human model with a reduced resolution of 8 mm (total number of voxels: 80 x 40 x 216),
which is one-fourth of the original model, was used in this study (hereinafter referred to as “1/4
reduced model”) because the computational load on the full model is enormous.

Fig. 3.6 (a) shows the averaged values of the induced electric field strength in the body in
each horizontal section in the height direction. Fig. (b) plots the difference between the results
derived by the QS-FDTD method and those derived by the proposed method in (a) (i.e., || E2 —

E1 ||/ || E: || when the former is E; and the latter is E;) as a function of separation d.
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Figure 3.6 Relationship between the distance to PML boundary d and vertical distribution of
inner electric field in QS-FDTD method using a human model of 1/4 resolution (80 X 40X 216).
(a) Vertical distribution of average value of induced electric field strength in each Z cross
section. (b) Difference of average value of induced electric field between proposed method and
QS-FDTD method.
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As seenin Fig. 3.6 (a) and (b), the difference between the QS-FDTD method and the proposed
method decreases with increasing separation d, and at d = 224 cm the results agree with those of
the proposed method within 1 %. Note from Table 3.1 that the difference between the QS-FDTD
method with absorbing boundaries and the proposed method is approximately 1%. This indicates
that the proposed method more accurately simulates the effects of shadow charges and evaluates
induced electric fields more correctly than the QS-FDTD method because the proposed method
strictly simulates an infinite conductor ground, while the QS-FDTD method has a finite ground
size.

Based on the results above, a comparison of the computational load of the proposed method
and the QS-FDTD method is presented. Table 3.3 compares the memory consumption and
computation time for the proposed method and the QS-FDTD method. Only the computational
load of the QS- FDTD method for the case of grounded by both feet is estimated from the results
of the 1/4 reduced model, while the other values are those of the full model. All computations
in this section were performed on a personal computer equipped with an intel® core™ i7 CPU
(8 cores) with a clock frequency of 4 GHz and 32 GB of RAM. In all cases, single-core
computations were performed without parallel computing.

In the case of the free-space condition, the QS-FDTD method consumed 8.4 GB of memory
and 46.9 hours of computation time, while the proposed method consumed 1.2 GB-3.3 GB and
8.6 hours, respectively, which means that the memory consumption and computation time were
reduced by about 39 % and 18 %, respectively, compared to the QS-FDTD method. The first

stage of the proposed method, the fast multipole surface charge method, takes 7.3 hours,

Table 3.3  Comparison of computational cost between proposed method and QS-FDTD

method.
Method Condition Memory consumption Computation time
Free space 1.2 GB (FMM-SCM), 7.3 H (FMM-SCM) +
Proposed 3.3 GB (SPFD) 1.3 H (SPFD)
method Grounded 1.2 GB (FMM-SCM), 6.6 H (FMM-SCM) +
by both feet 3.3 GB (SPFD) 1.3 H (SPFD)
Free space 8.4 GB 469 H
QS-FDTD Grounded % «
by both feet 486.7 GB 332.8H

* Estimates from the result of 1/4 resolution model
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accounting for about 84% of the total computation time. The number of iterations required to
solve the fast multipole surface charge method and the SPFD method under free-space
conditions was 113 and 2898, respectively, indicating that the time required per iteration was
233 and 1.6 seconds, respectively. This result clearly suggests that the rate of execution of the
fast multipole surface charge method is the rate-limiting factor. Further speed-up of FMM is
desired in the future by applying rotational transformation of coordinate axes and
diagonalization transformation by exponential expansion [63], [64]. For the case of the grounded
by both feet condition, the proposed method consumes the same amount of memory as the case
of the free-space condition, and the computation time is also reduced by 0.7 hours. On the other
hand, the QS-FDTD method is estimated to require about 147 times more memory and about 42
times more computation time than the proposed method (that means about 0.68 % and 2.4 %
reduction of computational load, respectively), based on the results for a 1/4 reduced model.
This is because, as mentioned earlier, the QS-FDTD method requires a large enough analysis
space to accurately account for the effects of conductor ground. These results show the
superiority of the proposed method over the QS-FDTD method in terms of computational load.

The other previous method, the SPFD-based method [37] ~ [39] by Tarao et al. could not be
directly compared here because we did not create a program using this method in this study.
Here, we infer the difference in memory consumption from the proposed method based on the
scale of the computational model described in the literature. Ref. [39] performed computations
using the same model and under the same conditions as the present study (human body upright
and grounded, 50 Hz, 1 kV/m uniform electric field exposure) and reported that the total number
of voxels in the analysis domain was 60 to 100 million. Although the memory consumption
depends on the implementation of the program and cannot be compared in general, the proposed
method requires, at most, about 8 million voxels in the body, whereas the method of Tarao et al.
requires at least 60 million voxels. Therefore, as a rough estimate, the proposed method is
expected to reduce memory by a factor of 7.5 (8 million/60 million).

In addition, as mentioned earlier, this study does not incorporate parallel computing
methods for the program, but parallel computing methods such as OpenMP and GPGPU may

be applied to further reduce the computation time required.
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3.5.  Conclusion

This Chapter proposed a two-step method for analyzing induced electric fields in a body using
the surface charge method and the SPFD method. The surface charge method is implemented
with the fast multipole method to reduce the computational load and make it a practical method.

The proposed method is applied to a detailed anatomical human body model to evaluate the
induced electric field in the body under low-frequency electric field exposure conditions. The
results were compared with those of the QS-FDTD method under free-space conditions, and it
was confirmed that the results generally agreed well with those of the QS-FDTD method, but it
was suggested that the QS-FDTD method evaluated the induced electric field in the body larger
than the proposed method due to the effect of reflected waves at the PML absorption boundary.
Compared to the QS-FDTD method, the proposed method consumes about 0.68% (both feet on
the ground condition) to 39% (free space condition) less memory and takes about 2.4% (both
feet on the ground condition) to 18% (free space condition) less computation time, indicating
that the proposed method is practical. Furthermore, the proposed method simulates the effect of
shadow charge more accurately than the QS-FDTD method, and can evaluate the induced
electric field more correctly. In this chapter, we have evaluated the method for exposure to
uniform electric fields, but in the future, we plan to evaluate the method under non-uniform field
exposure conditions and with other models. Another issue to be addressed is to reduce the

computational load by further increasing the speed of the fast multipole surface charge method.
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Chapter 4

Dosimetry of Internal Electric Fields
Induced by ELF and Intermediate
Frequency Uniform Magnetic Fields
at Reference Level of IEEE
C95.1™-2019 Standard

4.1. Overview

In this Chapter, the internal electric field induced in human tissues by ELF and intermediate
frequency uniform magnetic fields has been determined using the SPFD method. These
computations were conducted on adult Japanese anatomical models and the computational
results were compared with the basic restriction provided in the IEEE safety standard. Under the
reference levels condition defined in the IEEE C95.1™-2019 standard, the computed internal
electric fields exceeded the basic restriction in the cases for certain body parts and conditions.

The results presented here were published in [73].
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4.2. Computational Conditions

4.2.1. Exposure Scenarios

Three orientations were assumed for the magnetic field;, LAT (side-to-side), AP (front-to-
back), and TOP (top-to-top) as shown in Fig. 4.1. The anatomical human models TARO and
HANAKO were considered to be standing in free space. Magnetic flux intensity was set to 0.1
mT and considered to be spatially uniform. By multiplying the ratio of the magnetic field
strength of the reference level condition at each frequency to 0.1 mT, the results were converted
into those for the reference level condition. The frequencies of the magnetic field were chosen
to be 0.153 Hz, 20 Hz, 50 Hz, 167 Hz, 3350 Hz, 1 MHz, and 5 MHz which are relevant to the

boundary values of reference level in the IEEE standard [11].

4.2.2. Computational Settings

The SPFD method described in Section 2.3.1 was applied to compute the induced electric
field in the body. The stopping criteria of the Bi-CGSTAB iterative procedure was set at 108

measured by the relative residual norm of the equation solution.

LAT <~ 0

Figure 4.1 Anatomical human models along with exposure scenario.
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4.3. Results

Figure 4.2 shows the distribution of the internal electric field in terms of AP direction
exposure (results for 50 Hz and 1 MHz are shown as representative cases) in TARO and
HANAKQO. Figure 4.3 shows the distribution of the induced internal current density for the same
conditions, models, and configurations as in Figure 4.2. In all the cases, both the electric field
strength and current density are relatively high around the periphery of the torso, where the body
cross section is the largest. On the contrary, they decrease around the ends of limbs where the
cross sections are smaller. This is a common qualitative feature, regardless of the frequency or
male/female differences.

Table 4.1 shows the 99" percentile values of induced internal electric fields for each body part
(“Brain”, “Heart”, “Limbs”, and “Other Tissues”) as functions of frequency. Figure 4.4 was
derived by converting the computational results in Table 4.1 into the reference level conditions
for controlled environments in the IEEE standard by the method mentioned in section 4.2.1.

Together with these results, the analytical solutions for magnetic induction of the
homogeneous elliptical cross-sectional model in IEEE standard [11]

(a’u)® + (bv)?

E =24B
a’+b?

(4.1)

are plotted, where f, B, a and b, u, and v are the frequency, magnetic flux density, semi-major
and semi-minor diameter of the ellipse, and the electric field evaluation point in the ellipse,
respectively. Note that a, b, u, and v adopt different values depending on the exposure scenario
(e.g. sagittal or coronal direction exposure) in the IEEE standard [11]. The severest condition
value (i.e. that for which the induced electric fields is largest) was chosen for each body part.
The parameters applied to the homogeneous elliptical cross-sectional model for each body part
are listed in Table 4.2.

Among the three different magnetic field orientation cases, maximum values are shown in the
AP direction exposure case at the majority of frequencies for “Limbs” and “Other Tissues” in
Table 4.1. In the same table, the induced electric fields exceeded that of the elliptical model in
most cases of the brain and in the cases of AP exposure of the limbs and other tissues. As for
Fig. 4.4, for “Brain”, “Limbs”, and “Other Tissues”, the electric field intensities exceed the basic

restriction in certain magnetic field orientations and frequency cases.
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Figure 4.2 Distribution of the internal electric field induced by the time-varying uniform
magnetic field (0.1 mT, (a) 50Hz, and (b) 1 MHz) for AP-direction exposure in a Japanese male

(TARO) and female (HANAKO) model.
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Figure 4.3 Distribution of the induced internal current density for same conditions, models
and configurations as Fig. 4.2.
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Table 4.1

mT).

Internal electric fields in body parts induced by uniform magnetic fields (0.1

99" percentile values of induced internal electric field [mV/m]

Induced internal electric fields

LAT AP TOP in IEEE elliptical cross-
TARO [HANAKO| TARO |HANAKO| TARO |HANAKO| sectional model [mVv/m]
Brain 0.153 Hz 1.12x102 | 9.96x10° | 9.75x10° | 9.38x107° | 8.46x10% | 6.91x107 4.99x10°
20 Hz 1.30 1.16 1.16 1.11 1.00 0.840 0.652
50 Hz 2.86 2.54 261 2.48 2.24 1.93 1.63
167 Hz 9.31 8.19 8.43 8.01 7.20 6.26 5.44
3350 Hz 182 161 165 157 140 123 109
1 MHz 4.92x10* | 4.32x10* | 4.49x10* | 4.19x10* | 3.77x10* | 3.36x10* 3.26x10*
5 MHz 2.30x10° | 2.01x10° | 2.11x10° | 1.95x10° | 1.77x10° | 1.59x10° 1.63x10°
Heart 0.153 Hz 1.23x102 | 1.25x10°2 | 1.31x10?% | 8.90x10° | 1.16x10? | 9.90x10° 1.30x1072
20 Hz 151 1.53 1.62 1.10 141 1.20 1.7
50 Hz 3.37 3.41 3.59 2.46 3.03 2.60 4.25
167 Hz 11.0 11.0 115 7.86 9.54 8.11 14.2
3350 Hz 201 202 208 144 173 146 285
1 MHz 450x10* | 4.53x10% | 4.71x10* | 3.75x10* | 3.89x10* | 3.23x10* 8.50x10*
5 MHz 2.19x10° | 2.17x10° | 2.29x10° | 1.85x10° | 1.87x10° | 1.56x10° 4.25x10°
Limbs 0.153 Hz 7.50x10° | 7.66x10° | 1.01x102 | 2.57x10? | 6.42x10° | 5.20x10° 8.27x10°
20 Hz 0.962 0.992 1.28 3.11 0.813 0.662 1.08
50 Hz 2.39 2.47 3.17 7.39 2.00 1.63 2.7
167 Hz 8.14 8.33 10.8 25.4 6.81 5.56 9.03
3350 Hz 164 166 219 537 138 113 181
1 MHz 5.07x10% | 4.95x10% | 7.11x10% | 1.80x10° | 4.35x10* | 3.55x10* 5.41x10*
5 MHz 2.55x10° | 2.48x10° | 3.62x10° | 9.33x10° | 2.19x10° | 1.79x10° 2.70x10°
Other Tissues  [0.153 Hz 1.25x10°2 | 9.58x10° | 2.17x10?% | 1.72x10? | 1.46x10? | 1.09x10? 1.58x1072
20 Hz 1.58 1.22 2.73 2.18 1.81 1.37 2.06
50 Hz 3.87 3.01 6.72 5.42 4.40 3.35 5.16
167 Hz 13.3 10.2 23.4 18.7 15.2 11.6 17.2
3350 Hz 268 205 476 382 307 236 346
1 MHz 8.26x10" | 6.30x10" | 1.55x10° | 1.22x10° | 1.00x10° | 7.68x10* 1.03x10°
5 MHz 4.15x10° | 3.15x10° | 7.82x10° | 6.08x10° | 5.11x10° | 3.85x10° 5.16x10°
Table 4.2 Parameters Applied to Homogeneous Elliptical Cross-sectional Model.

Parameters
Body Part a b u v
Brain 10.5 9 9 0
Heart 90 17 14 18
Limbs 42 9 9 0
Other Tissues 90 17 17 0
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Figure 4.4 99" percentile values of induced electric fields in (a) Brain, (b) Heart, (c) Limbs
and (d) Other tissues by uniform magnetic fields of the strength at reference levels in a
controlled environment (IEEE standard) with Analytical solutions of the homogeneous elliptical
models for magnetic induction.

As a factor in the exceedance of the basic restriction mentioned above, previous study [16]
have pointed out the influence of the tissue surrounding the target body part. To examine the
effect of injection currents from other organs, we considered an additional case of computation
using the TARO model. In this case, the “Brain” is assumed to be isolated from the body in the
free space (isolated exposure condition). The result is shown in Figure 4.5, along with the result
of the whole-body exposure case (identical to Figure 4.2 (a)). Note that the contour of the whole
brain in Figure 4.5 (a) corresponds to the projection of an entire brain, whereas the figure
displays a single cross-section. As shown in the figure, the induced internal electric field
intensity for the isolated exposure case is lower than that for the whole-body exposure case.
Table 4.3 was derived by converting these results into the reference level conditions for

controlled environments in the IEEE standard. In the isolated exposure condition, the induced
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electric field is lower than the values for both the whole-body exposure case and IEEE elliptical

cross-sectional model (and thus, the basic restriction).
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Figure 4.5 Distribution of the internal electric field induced by the time-varying uniform
magnetic field (0.1 mT, 50Hz, AP-direction) when (a) the “Brain” is isolated from the body,
compared to (b) the whole-body exposure case.

Table 4.3 Comparison of internal electric field induced by the uniform magnetic field
(50Hz, AP-direction) of exposure reference levels in a controlled environment (IEEE

standard).
Case 99 percentile value of induced internal electric fields [mV/m]
Isolated exposure case (Brain) 33.9
Whole-body exposure case 70.7
IEEE elliptical cross-sectional model 442
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4.4. Discussion

In Fig. 4.2 and 4.3, the electric field strength and current density tend to be higher in areas
with larger cross-sectional areas as a common tendency. This may be attributed to Faraday’s law,
by which a larger eddy current occurs at the body part of a larger cross section. On the other
hand, there is a significant difference between the results for TARO and HANAKO in that the
electric field strength and the cureent density around the inner thighs of HANAKO are
significantly higher than those of TARO. This is because the inner thighs are in contact with
each other in the case of HANAKO, which produces a local circulating current, as discussed in
a previous study by Aga et al. [16].

Among the three different magnetic field orientation cases, maximum values are shown in the
AP direction exposure case at the majority of frequencies for “Limbs” and “Other Tissues”
according to Table 4.1. It is assumed that the magnetic flux which passes through the exposed
area (thus, also the induced electric field by the Faraday’s law) tends to be larger in the AP
direction for these body parts. The electric field strengths of TARO tend to be higher than those
of HANAKO in most cases. This may be explained by the difference in their body sizes as
described above, that is, TARO has a larger body size than HANAKO.

According to Figure 4.4, the analytical solutions of the elliptical cross-sectional model are in
good qualitative agreement with the computed internal electric field, though not in quantitative
agreement. For certain body parts, the computed internal electric fields exceed those of the
elliptical cross-sectional model (most cases for “Brain”, AP direction exposure cases for “Limbs”
and “Other Tissues”). Consequently, for “Brain”, “Limbs”, and “Other Tissues”, the electric
field strengths exceed the basic restriction in certain magnetic field orientations and frequency
cases.

On the other hand, electric field intensities are lower than the basic restriction for “Heart” in
all cases. Such discrepancies between the results derived using the anatomical human model and
those in elliptical cross-sectional model may result from the complex structure of the anatomical
human models used. This has been suggested by several previous studies concerning dosimetry

that employed anatomical human models. In the derivation of reference level in the IEEE
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standard, each body part is simulated using isolated homogeneous elliptical cross-sectional
models, while the inner organs such as the brain or heart are surrounded by other organs and are
subject to injection currents from other organs.

The above-mentioned influence from the surrounding tissue was confirmed by the validation
shown in Fig. 4.5 and Table 4.3, in which the induced electric field for the isolated exposure
condition is lower than that for the whole-body exposure case. This example may suggest that
the effect of the injected current from the surrounding organs is considerable, that is, the injection
current flow into/out of the brain from the surrounding organs increasing the maximum electric
field strength in the case of the full model, whereas this phenomenon does not occur in the
isolated case.

Additionally, the inhomogeneity of the electrical constants in the human body model and the
effect of posture may affect the level difference between the human model and the homogeneous

elliptical cross-sectional model. To clarify these concerns, further studies are needed.

4.5. Conclusion

In this chapter, the induced electric fields by uniform magnetic fields from ELF to
intermediate frequencies in various body parts were determined and compared to the basic
restriction in the IEEE C95.1™-2019 standard. Under the magnetic field exposure with strength
of reference level, the computed induced electric fields exceeded the basic restriction for certain
body parts and conditions. This may result from the discrepancy between the anatomical human
model and the isolated elliptical cross-sectional model. Further studies are required in order to
investigate the applicability of computational results using the anatomical human model to the

derivation of reference levels.

48



Chapter 5

Dosimetry of Internal Electric Fields
for Simultaneous Exposure to ELF
Electric and Magnetic Fields With

Phase Difference

5.1. Overview

This chapter investigated the impact of external electric and magnetic field phase differences
on the induced electric field in anatomical human models. This was done under simultaneous
exposure to a spatially uniform vertical electric field and horizontal magnetic fields at 50 Hz.
Our computational findings revealed that the strength of the induced electric field fluctuates with
the phase difference and that the variation caused by this difference varies across different body
parts. The basic restrictions of the ICNIRP guidelines were met under the simultaneous exposure
to electric and magnetic fields at the reference level, even when considering the phase difference.

The results presented here were published in [74].
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5.2. Methods

5.2.1. Computation of Induced Electric Field by Electric and Magnetic
Fields

The induced electric field within the human body is separately computed for electric and
magnetic field exposures. These results are superimposed during post-processing to account for
the phase difference between the electric and magnetic fields, simulating the induced electric field
for simultaneous exposure.

The two-step method combining fast multipole surface charge and SPFD methods described in
Chapter 3 was used to compute the induced electric field in humans for electric field exposure.
The stopping criteria of the Bi-CGSTAB iterative procedure was set at 10 and 10 in the 1st and
2nd step of the method, respectively, in terms of the relative residual norm of the equation solution.
The SPFD method described in Section 2.3.1 was used to compute the induced electric field in
humans for magnetic field exposure. The stopping criteria of the Bi-CGSTAB iterative procedure

was set at 10°.

5.2.2. Vector Addition of Induced Electric Fields by External Electric
and Magnetic Fields

We assume a phase difference between the voltage and current of the power line and consider
the relationship between the phase difference and the induced electric field. Focusing on the
electromagnetic field surrounding the power line, the power line’s voltage and current generate
electric and magnetic field respectively (Fig. 5.1 (a)). A phase difference (-90° to +90° range) is
known to occurs between the voltage V and the current I, depending on the power flow condition
(power supply and demand), the impedance of the transmission and distribution lines, and the
installation of phase modulating equipment [44], [45]. The lagging phase (-90° to 0° range) is

introduced when the impedance or load is inductive, while the advancing phase (0° to +90° range)
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is introduced when the impedance or load is capacitive. If the phase delay of the current | with
respect to the voltage V is 6, the following equation holds:

V =V,e

| = I el e

where Vo and lo are the amplitudes of voltage and current, respectively. Since the external electric
field Eex and the external magnetic field Bex are in phase with V and I, respectively, they are
expressed as follows:

(0)g ot

ext

(0) g i(wt-0)

ext

Eext =E

5.2
Bext =B 62

Here, Eex® and Bex© are the amplitudes of the external electric and magnetic fields, respectively.
Based on Egs. (5.1) and (5.2), and considering that the induced electric field due to the electric
field is advanced by 90° compared to the external electric field because of capacitive current’s
nature and the induced electric field due to the magnetic field is delayed by 90° compared to the
external magnetic field by Faraday's law, the induced electric field in the body due to the electric
and magnetic field can be expressed as follows:
Ei(nE) — Ei(nE)(O)ej(wt+90°) 63

Ei(nB) — Ei(nB)(O)ej(wt—a—QO") )
where Ein®© and Ein®© are the amplitudes of the induced electric and magnetic fields in the body,
respectively. In other words, the electric field, induced by the magnetic field, lags behind by 180°
+ 6. The vector diagram of the induced electric field components in the body caused by the electric
and magnetic fields, as well as the external electromagnetic field, power line voltage and current,
is shown in Fig. 5.1 (b).

If the current phase of the power line lags behind the voltage phase by &, the same magnitude
of phase difference also occurs between the induced electric field components due to magnetic and
electric field exposures. Considering the phase difference, Ei® and Ei,® denote the induced field

due to exposure to electric and magnetic fields computed under the assumption that the external
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electric and magnetic fields were in phase. Then they are added, considering the phase factor e/

to derive the induced electric field for simultaneous exposure to electromagnetic fields.

E, =EP +E®e’ (5.4)

tot

— jlai—0)
I=1e

— (0) , jox
E ext E ext € !
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B, el )

(@)

Induced electric field
by electric field
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Figure 5.1 Representation of the relationship between the phase difference of voltage/current
and the phase difference for electric/magnetic fields. (a) Relationship between line
voltage/current and (b) vector diagram and electromagnetic fields.
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5.3.  EXxposure Scenarios

We considered a scenario where a human is positioned beneath transmission lines. This would
expose the human body model to a uniform vertical electric field and horizontal magnetic field.
The impact of external field inhomogeneity on the induced electric field is detailed in [24].
Compared to the vertical component, the horizontal component of the electric field is negligible
due to its weaker coupling with the human body. The frequency was 50 Hz. As shown in Fig.
5.2, the vertical electric field (E;), left-right magnetic field (By), and front-back magnetic field
(By) were considered. We examined two combinations of electric and magnetic fields for
simultaneous exposure conditions: E; and Bx and E; and By, hereafter referred to as cases E; + By
and E; + By, respectively. Single electric or magnetic field exposures (E;, By, and By) were also
considered as reference cases. The scenarios described above are the most likely situations, but
not necessarily the most extreme conditions (e.g., [26]). For example, maintenance workers of
live electrical systems can assume different positions during their work, or a generic person can
be lying on the ground for any reason. In addition, due to Faraday's law, the induced field
strength in magnetic field exposure strongly depends on the area of the magnetic field crossing
the body part. More specifically, it strongly depends on the size and posture of the human body.

Note that in the ICNIRP RF guideilnes, extremely cases are not considered.

M
X, B, <78

Figure 5.2  Alignment of the electric and magnetic field.
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Initially, this study evaluated the fundamental characteristics of the induced electric field
considering simultaneous exposure to electromagnetic fields and the phase difference between
the electric and magnetic fields. Subsequently, we assessed the compliance of the induced
electric field with the basic restrictions in the ICNIRP and IEEE standards.

The external field strength of the electric and magnetic field was aligned with the reference
levels of the ICNIRP guidelines [9] and the IEEE C95.1™-2019 [3] at 50 Hz. The basic
restrictions and reference levels of ICNIRP and IEEE are outlined in Tables 5.1 and 5.2,
respectively. According to the ICNIRP guidelines, E; = 5 kV/m and By = By = 0.2 mT for the
general public, and E; = 20 kV/m and Bx = By = 1 mT for occupational exposure, were assumed,
respectively. Note that assuming the electromagnetic field strength equivalent to the reference
level for occupational exposure may not be a realistic condition for the child model. In the IEEE
standard, the reference level is E; = 5 kV/m, Bx = By = 904 uT (head and torso), and 75.8 mT

(limbs) under general public conditions.

Table 5.1 Basic restriction and reference level, as stipulated by ICNIRP guideline at 50 Hz.

Basic restriction [mV/m] Reference level
CNS of the head | Whole body Electric field [kV/m] | Magnetic field [uT]
General public exposure 20 400 5 200
Occupational exposure 100 800 20 1000

Table 5.2 (a) Basic restriction and (b) reference level of IEEE C95.1™-2019 at 50 Hz

(@)
Basic restriction [mV/m]
Brain Heart Limbs Others
General public condition 14.725 943 2100 701
Controlled environment condition 44.25 943 2100 2100
(b)
Reference level
- Magnetic field [uT] Magnetic field [uT]
Electric field [kV/m] (head and torso) (Limbs)
General public condition 5 904 75800
Controlled environment 20 2710 75800
condition
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5.4. Results

5.4.1. Fundamental Characteristics of Induced Electric Fields under
Simultaneous Electromagnetic Field Exposure

To evaluate the impact of superposition and phase difference of external electromagnetic
fields on induced electric field strength, the induced electric field in the body was computed for
the simultaneous electromagnetic field exposure cases: (i) E. + Bx and (ii) E; + By (E, = 20
kV/m and Bx = By, =1 mT).

Fig. 5.3 illustrates the layer-averaged induced electric field on the horizontal cross-section in
the male model. For the single exposure to E; only, the induced field strength peaks at the neck
(around z =150 cm), arms (around z = 90—120 cm), knees (around z =40 cm), and ankles (around
z = 0-10 cm) with a small cross-sectional area, thereby resulting in a small capacitive current.
Conversely, exposure to only By or By induces higher field strength in the head (z=150-170 cm)
and torso (z = 80—140 cm), where the large magnetic flux crossing the model leads to large eddy
currents.

In the case of simultaneous exposure to external electric and magnetic fields, the induced

electric field strength varies for different phase differences ¢ at 0°, 45°, and 90°.
The induced electric field for simultaneous exposure exceeds that of exposure to a single
component of a magnetic or electric field, suggesting a constructive interference effect for most
body parts. However, the effect is destructive at certain locations for the E; + By case (z = 60-80
cmand z=90-100 cm).

Table 5.3 and Fig. 5.4 display the 99" percentile values of the induced electric fields in the
brain, heart, and whole body in cases E; + By and E; + By when the phase difference between the
electric and magnetic fields ranges from —90° to 90°. Table 5.3 shows the 99" percentile values
of induced electric fields on the brain, heart, and whole body assuming simultaneous exposure
with phase difference surpass those for separate electric or magnetic exposures. Specifically, in

the heart, the electric fields for the cases of E; + By (83.4-63.0 [mV/m]) were 12% to 143%
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Figure 5.3

By = 1 mT) for the male model.

E.+ B, E.+B,
—— 6=0deg —— 0=0deg
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—— =90 deg — 0=90deg
__________ E: unly F: only
B, only B, only
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> 20 QM
= 0 e
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Average of electric field [mV/m]

(@)

Average of electric field [mV/m]

(b)
Vertical distribution of induced electric field strength averaged in each horizontal
cross section at z for simultaneous exposure. (a) E; + By and (b) E; + By (E; =20 kV/m and By =

300

Table 5.3 99" %ile Values for induced electric fields in various body parts during

simultaneous exposure of E; + By and E; + By (E; = 20 kV/m, By = By = 1 MT) compared to

single component exposure to E;, By, and By only.

99" percentile value of induced electric field [mV/m]

Single component exposure to Simultaneous exposure Simultaneous exposure
electric / magnetic fields (E, +By) (E, +By)
Model ch;crity ZOEg/m lBr%_T 1Bny]_T 6=0° 6=45° 6=90° 6=0° 6=45° 6=90°
Male Brain 374 29.8 27.7 34.3 331 40.1 46.0 42.9 375
(-3 %) (17 %) (-7 %) (-18 %)
Heart 56.4 343 36.0 834 78.0 63.0 86.0 80.1 63.4
(-6 %) (-24 %) (-7%) (-26%)
Whole 351.7 47.6 79.4 355.2 354.4 351.9 353.1 352.7 351.8
Body (-0.2%) | (-0.9%) (-0.1%) | (-0.4%)
Female | Brain 36.5 26.8 25.8 41.0 39.8 38.0 455 423 36.9
(-3%) (-7%) (-7%) (-19%)
Heart 62.4 33.0 254 91.2 85.0 68.1 817 76.9 65.0
(-7%) (-25%) (-6%) (-20%)
Whole 550.6 37.7 69.3 552.0 551.7 550.7 550.4 550.5 550.7
Body (-0.1%) | (-0.2%) (0.0%) (0.1%)
Child Brain 42.7 21.7 20.5 44.1 43.7 42.7 42.3 42.4 42.7
(-1%) (-3%) (0.2%) (1%)
Heart 39.3 20.6 17.8 53.3 50.1 41.7 53.6 50.4 41.9
(-6%) (-22%) (-6%) (-22%)
Whole 329.4 36.8 46.9 330.1 330.0 329.4 3327 331.3 3295
Body (-0.0%) | (-0.2%) (-0.4%) (-1%)

* The % Value in parentheses () represents the rate of change with respect to 0°.
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Figure 5.4 Phase difference dependence of induced electric field strength for each part for
simultaneous exposure cases of (a) E; + By and (b) E; + By (where E; = 20 kV/m, By=By=1
mT). Panels (a) and (b) depict the adult male model results; panels (c) and (d) depict the adult
female model results; panels (e) and (f) depict results for the child model.
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larger than those for the single electric field exposure case of E; (56.4 mV/m) and By (34.3
[mV/m]) through 8 = 0° to 90° for the male model. The exceptions were the conditions 8 = 0°
and 45° of the case E; + By for the male model, wherein the induced electric field strength was
smaller than E; only. The increase in simultaneous exposure relative to the single electric field
exposure ranged from 6% to 48%. Note that although Fig. 5.4 shows only the calculated values
at §=0°,£30°, £45°, +60°, and £90°, it has been confirmed that the synthesized induced electric
field in the body varies sinusoidally with 8 according to eg. (5.4) and that no peculiar peaks, etc.,
are generated at the thinned-out calculation points.

As demonstrated in Fig. 5.4, the induced electric field strength changes due to the phase
change are symmetric around ¢ = 0°. Additionally, the effect of phase difference on induced
electric field strength varies across exposure scenarios and body parts. The electric field in the
heart decreases with phase difference, whereas that of the brain slightly increases in the case of
E. + Bx. Variation widths in the brain for all models concerning 8 = 0° were 3%-17% for the E;
+ By case and 1%-18% for the E, + By case, both of which were smaller than those in the heart
(i.e., 22%—-25% for the E, + By case and 20%—26% for the E, + By, as listed in Table IV). For
both E; + By and E; + By exposure, the variation of the induced electric field with phase difference
for the whole body is marginal because the maximum induced electric fields inside the whole
body are observed around the ankle, where the induced electric field by electric induction
dominates.

The variations in the phase difference between the external electric and magnetic fields
induced changes in the electric field strength inside the body, which fluctuated for different body
parts. Fig. 5.5 further clarifies this by illustrating a vector diagram of the induced electric field
in the male model's body for the case E; + Bx. The vector plot in the figure shows the value of
each component of the induced electric field by the electric and magnetic field at the maximum
phase of electric induction. The color map represents the effective value at single, 50 Hz cycle.

With a phase difference of 0°, the induced electric field strength at the front of the body is
high but modest at phase differences of 45° and 90°. At a phase difference of 0°, the induced
electric field components due to magnetic field induction at the front of the body align in the

same direction as those due to electric field induction, resulting in constructive interference.
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Figure 5.5 Induced electric field strength distribution in the male model for case of E; + By (E;
=20 kV/m, Bx = 1 mT) together with vector components for induction by single external
electric and magnetic field with phase differences of (a) 0°, (b) 45°, and (c) 90°.

Conversely, the opposite tendency is observed at the back of the body, where the electric field
directions induced by the external magnetic and electric fields are in opposition. The induced
electric field components due to magnetic field induction at a phase difference of 45° are smaller
than those at 0° and null at 90°. The total induced electric field strength at the front of the body
subsequently increases while decreasing at the back of the body as the phase difference augments
from 0° to 90°. Consequently, as shown in Fig. 5.4 (a), the heart's total induced electric field
strength monotonically decreases.

The brain's total induced electric field strength exhibits a complex phase difference

dependency because the induced electric field component induced by external electric and

59



magnetic fields strengthen each other at the front of the head but weaken each other at the back
of the head.

5.4.2. Compliance Evaluation with the Basic Restriction Under
Simultaneous Electromagnetic Field Exposure Conditions at the
ICNIRP and IEEE Reference Levels

We assessed compliance with basic restrictions (DRLs) under simultaneous exposure to
electromagnetic fields at the reference level of international guidelines such as ICNIRP
guidelines [9] and the IEEE C95.1™-2019 [11]. Given the symmetry in induced electric field
strength variations concerning 8 = 0° from Section 5.4.1, we only considered 8 > 0° in this
analysis.

Table 5.4 presents the induced electric fields computed under simultaneous exposure of the
E. + Bx and E, + By scenarios. We assumed electromagnetic field strengths equivalent to the
public and occupational exposure reference levels established in the ICNIRP guidelines. As
indicated in Table 5.4, the induced electric fields for public and occupational exposure scenarios,
as well as for all phase differences, remained significantly below the basic restrictions of 20
mV/m (CNS of the head) and 400 mV/m (all tissues of the head and body) for general public
exposure. The respective values for occupational exposure were 100 mV/m (CNS of the head)
and 800 mV/m (all tissues of the head and body), as detailed in Table 5.1. The induced electric
field strength variation due to phase changes ranged from —19% to +15% for the CNS of the
head and from —0.9% to 0% for the whole body across all models, as shown in Table 5.4.

Table 5.5 displays the induced electric field calculated under simultaneous electromagnetic
field exposure for the reference level conditions specified in IEEE C95.1™-2019. As the
reference levels and basic restrictions under controlled environment conditions are proportional
to those under general public conditions, we only evaluated conformity under general public
conditions. Cases where the induced electric field exceeded the basic restriction listed in Table

5.2, are highlighted in bold in Table 5.5. For scenarios E; + By and E; + B, for all models, the
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induced electric fields in the brain exceeded the basic restriction. The same applied to the limbs
in the E, + By scenario for the female model and in all phases of the E, + By scenario for all
models. The variation widths of induced electric field strength due to phase changes for the E;,
+ By cases ranged from —2% to +20% for the brain, —25% to —3% for the heart, —0.2% to +0.3%
for the limbs, and —16% to —2% for others, respectively, across all models. Those for the E;, +
By cases were —6% to —1% for the brain, —27% to —3% for the heart, —0.1% to +0.2% for the

limbs, and —11% to —1% for others, respectively.
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Table 5.4  Phase difference dependence of induced electric field strength for CNS head
and whole body under simultaneous exposure case E; + By and E, + By of ICNIRP reference
level for (a) general public and (b) occupational exposure at 50 Hz.

(@)

99" percentile value of induced electric field [mV/m]
assuming general public exposure (E; = 5kV/m, B,=B,=0.2 mT)

Phase E; + By E,+By

Model difference ™ NS of Rate of Whole Rate of CNS of Rate of Whole Rate of
ode 0 the head change body change the head change body change
Male 0° 8.1 63.1 0.0% 10.5 0% 63.1 0.0%
30° 7.9 -1% 63.1 0.0% 10.2 -3% 63.0 0.0%

60° 7.9 -2% 63.0 -0.1% 9.4 -10% 63.0 -0.1%

90° 9.2 15% 63.0 -0.2% 8.8 -16% 63.0 -0.1%

Female 0° 10.0 0.0% 138.0 0.0% 104 0% 137.6 0.0%
30° 9.9 -1.1% 137.9 0.0% 10.1 -3% 137.6 0.0%

60° 9.6 -4.1% 137.7 -0.2% 9.3 -10% 137.6 0.0%

90° 9.2 -8.5% 137.7 -0.2% 9.1 -12% 137.7 0.0%

Child 0° 11.0 0.0% 825 0.0% 10.6 0.0% 82.9 0.0%
30° 10.9 -0.3% 82.5 0.0% 10.6 0.1% 82.8 -0.2%

60° 10.8 -1.3% 82.6 0.1% 10.6 0.4% 82.8 -0.2%

90° 10.7 -2.5% 82.3 -0.2% 10.7 0.7% 82.4 -0.7%

(b)

99" percentile value of induced electric field [mV/m]
assuming occupational exposure (E, = 20 kV/m, B,=B,=1mT)

Phase E, + By E,+By

Model diffe:'gence CNS of Rate of Whole Rate of CNS of Rate of Whole Rate of
the head change body change the head change body change

Male 0° 34.3 0% 355.2 0.0% 46.0 0.0% 353.1 0.0%
30° 33.6 -2% 354.8 -0.1% 44.6 -3.0% 353.0 0.0%

60° 333 -3% 353.6 -0.5% 40.8 -11.3% 352.4 -0.2%

90° 40.1 17% 351.9 -0.9% 375 -18.5% 351.8 -0.4%

Female 0° 41.0 0.0% 552.0 0.0% 45.5 0% 550.4 0.0%
30° 40.5 -1.3% 551.9 0.0% 44.0 -3% 550.3 0.0%

60° 39.0 -5.0% 551.0 -0.2% 40.0 -12% 550.5 0.0%

90° 38.0 -71.3% 550.7 -0.2% 36.9 -19% 550.7 0.1%

Child 0° 44.1 0.0% 330.1 0.0% 423 0.0% 332.7 0.0%
30° 43.9 -0.4% 330.3 0.0% 42.4 0.1% 332.1 -0.2%

60° 43.4 -1.5% 330.6 0.2% 42.5 0.4% 331.2 -0.4%

90° 42.7 -3.1% 3294 -0.2% 42.7 0.9% 329.5 -1.0%

* The "rate of change" represents the rate of change relative to the 0° phase difference value.
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Table 5.5
body part under simultaneous exposure case (a) E; + By and (b) E; + By of ERL for general
public condition in IEEE C95.1™-2019 at 50 Hz.

(a)

Phase difference dependence of induced inner electric field strength for each

99" percentile value of induced electric field [mV/m]

assuming E;, + By of general public condition ; E; =5 kV/m, B, =904 uT (head and torso), 75.8 mT

(limbs)
Model Phase
difference Brain Rate of Heart Rate of Limbs Rate of Others Rate of
0 change change change change
Male 0° 231 0% 42.3 0% 2014 0.0% 55.8 0%
30° 23.6 2% 41.2 -3% 2013 0.0% 54.5 -2%
60° 25.2 9% 37.8 -11% 2012 -0.1% 51.7 -1%
90° 27.7 20% 32.9 -22% 2010 -0.2% 52.1 -1%
Female 0° 24.7 0% 44.1 0% 2144 0.0% 51.5 0%
30° 245 -1% 42.8 -3% 2145 0.0% 50 -3%
60° 24.3 -2% 38.9 -12% 2147 0.1% 46.1 -10%
90° 24.9 1% 331 -25% 2151 0.3% 43.1 -16%
Child 0° 18.1 0% 26.1 0% 1419 0.0% 426 0%
30° 18.2 1% 25.4 -3% 1419 0.0% 41.7 -2%
60° 18.8 4% 23.3 -11% 1421 0.1% 39.6 -1%
90° 20.1 11% 20.1 -23% 1423 0.3% 38.3 -10%
(b)
99" percentile value of induced electric field [mV/m]
assuming E; + By of general public condition ; E; = 5 kV/m, B, =904 uT (head and torso), 75.8 mT
(limbs)
Model Phase
difference Brain Rate of Heart Rate of Limbs Rate of Others rate of
P change change change change
Male 0° 27.4 0% 44 0% 32449 0.0% 84.7 0%
30° 26.9 -2% 42.8 -3% 3244.8 0.0% 83.9 -1%
60° 26.2 -4% 39.5 -10% 32444 0.0% 83.3 -2%
90° 25.7 -6% 345 -22% 3242.9 -0.1% 83.5 -1%
Female 0° 25.9 0% 36.1 0% 7264.1 0.0% 78.4 0%
30° 255 -2% 34.9 -3% 7264.3 0.0% 76.8 -2%
60° 245 -5% 31.7 -12% 7264.8 0.0% 73.1 -7%
90° 24 -71% 26.5 -27% 7264.7 0.0% 70.7 -10%
Child 0° 20.3 0% 24.1 0% 3976.1 0.0% 515 0%
30° 20 -1% 234 -3% 3976.8 0.0% 50.4 -2%
60° 19.2 -5% 21.2 -12% 3979.2 0.1% 47.9 -7%
90° 19 -6% 17.9 -26% 3982.2 0.2% 46 -11%

*1: The "rate of change" represents the rate of change relative to the 0° phase difference value.

*2: Cases where the induced electric field exceeded the basic restriction are marked in Bold.
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5.5. Discussion

This chapter investigated the impact of phase differences on induced electric fields under
simultaneous exposure to uniform electric and magnetic fields at reference levels, as outlined by
various international guidelines and standards. Our computational findings revealed that induced
electric field strength varies with a phase difference, with the degree of variation differing across
body parts. Specifically, we observed a decrease in the electric field within the heart as phase
difference increased, while the variation within the brain was comparatively smaller. We also
examined the compliance with the basic restrictions in exposure guidelines, accounting for phase
differences under simultaneous exposure at reference levels. While we were able to confirm
conformity under ICNIRP guidelines, there were some isolated instances of basic restriction
exceedance according to the IEEE standard.

The phase difference-related variations in induced electric field strengths can be attributed to
changes in phase angle between induced electric fields prompted by external electric and
magnetic fields. As Fig. 5.1 (b) elucidates, as the phase difference between external electric and
magnetic fields increases, the component of induced electric fields Eix® parallel to Ei,®
decreases. If Ei® and Ein® constructively interfere (i.e., they are in similar directions) at a
phase difference of 0°, the total induced electric field strength will decrease with an increasing
phase difference. Conversely, the total induced electric field strength increased with the phase
difference if they interfere destructively. This perspective effectively explained the observed
negative dependency of induced electric field strength on phase difference in the heart, as
illustrated in Fig. 5.4.

The varying phase difference dependency of induced electric field strength among different
body parts could be explained by the body part's relative location to the center of the eddy current.
In the brain, located near the center of the local eddy current in the head, the variation width was
relatively small (E; + By: 17%, E, + By 18%, for the male model, as presented in Table 5.3). Here,
Ein® and Ein® interfere both constructively and destructively. However, the heart, situated
outside the center of the local eddy current in the torso, exhibited a larger variation width than
the brain (E; + By 25%, E, + B,: 26% for the male model). This is because Eix® and Ein® only
interfere constructively or destructively in the heart, as shown in Fig. 5.5.

Table 5.3 also showed that the heart most prominently demonstrates the effects of
superimposed electric and magnetic fields and phase differences. The increase in induced
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electric field in simultaneous exposure relative to single electric field exposure ranged from 31%
to 52% for the heart, 0%—25% for the brain, and 0%—1% for the whole body across all models.
The brain and the whole body were less sensitive to phase difference than the heart since these
body parts are dominated by the induced electric field due to single electric field exposure. For
the whole body, only single electric field exposure should be considered to derive the maximum
value of the induced electric field, as it was minimally dependent on the phase difference.

We also explored conformity with international guidelines and standards. As noted in Sec.
5.4.2, the basic restriction of the ICNIRP guideline is met even when considering simultaneous
exposure to external electric and magnetic fields at the guideline's reference level and their phase
difference for all models. This may be due to the fact that the head and whole body are less
sensitive to phase differences, as previously discussed. The ratio of the induced electric fields to
the basic restriction ranged from 16 to 69% in Table 5.4. This ratio takes the minimum in the
case of E; + By with the general public exposure level for the male model, = 90° at the whole
body and takes the maximum in the case of E, + B with occupational exposure level for the
female model, € = 0° at the whole body. Importantly, a past study [42] considering simultaneous
exposure under in-phase conditions (American male, magnetic field 100uT + electric field 5
kV/m) also reported results below the basic restriction of the ICNIRP guideline, albeit in an
earlier version of the guideline [70]. While a direct comparison cannot be made due to their
reliance on a previous guideline version, our findings corroborated that the ICNIRP basic
restriction is still met even when considering the effect of phase difference.

Conversely, the induced electric field for the reference level strength of IEEE standard
exceeded the basic restriction. Past research [16] and chapter 4 suggested that the induced
electric field may surpass the basic restriction even under separate exposures to magnetic fields
at reference level strength. The basic restriction exceedance was most apparent in the limbs for
the female model across all models, potentially due to the inner sides of the female model being
in contact with each other, as suggested in [16]. As discussed in [71], skin-to-skin contact does
not result in nerve stimulation, which aligns with the IEEE standard. Of all subject parts
considered for basic restrictions, the heart was the most sensitive to the phase difference, even

though the induced electric fields in the heart remained below the basic restriction for all cases.
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5.6. Conclusion

This chapter computed the induced electric field under simultaneous exposure to spatially
uniform ELF electric and magnetic fields considering the phase difference of them. The results
demonstrated that induced electric field strength varied with phase difference and that this
variation differs across body parts. The width of this variation depends on the relative location
of the subject body part, which can be characterized by the eddy current. Of all the body parts,
the heart demonstrated the most pronounced effect of superimposing electric and magnetic fields
and phase differences. Despite considering the effect of phase difference, the basic restriction of
ICNIRP guideline is still satisfied under the simultaneous exposure of electric and magnetic
fields with reference level. Even under these conditions, the induced electric field strength was

at most 69% of the basic restriction of the ICNIRP guideline.
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Chapter 6

Summary

The adverse health effects of electromagnetic fields have long been of great concern, in
particular, in the vicinity of electric power facilities installed adjacent to the living areas of the
general public. Hence it is important to consider the safety of human health from electromagnetic
fields generated around these facilities. The frequencies of environmental electromagnetic fields
generated around power facilities range from commercial frequencies to intermediate
frequencies. The dominant effect of electromagnetic fields from ELF to intermediate frequencies
on the human body is stimulation of nerves by induced currents at frequencies below 100 kHz.
International guidelines such as ICNIRP guidelines or IEEE standard offer protection from
environmental electromagnetic fields.

In the international guidelines mentioned above, a basic restriction, which is the permissible
value of the electric field induced in the human body by electromagnetic fields (induced electric
field), and a limit value for the strength of external electromagnetic fields (reference level) below
the basic restriction are specified. Regarding the validity of these reference level, we found the
following issues 1) and 2).

1) Reference level validity in IEEE standards: The reference level for magnetic fields in the
IEEE standard is based on the analytical solution of the induced electric field in a
homogeneous ellipsoid model in a uniform magnetic field, and it is difficult to say that
the coupling between magnetic fields and the human body is considered more precisely
than the reference level in the ICNIRP guidelines, which is based on the results of
electromagnetic field analysis using anatomical human body models.

2) Reference level margins under conditions of simultaneous exposure to electromagnetic
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fields: The reference levels in the international guidelines are defined for separate
exposure to electric and magnetic fields, but since exposure to both electric and magnetic
fields can occur around real electric power facilities, it is necessary to verify whether the
reference levels are marginally safe as threshold values under such conditions. In addition,
a phase difference occurs between electric and magnetic fields around some power
facilities, but the effect of this phase difference on induced electric fields in the body
under conditions of simultaneous exposure to electromagnetic fields has not been clarified.
In relation to issues 1) and 2), another practical issue in using dosimetry concerning electric field
is addressed:

3) Necessity for Advancement of dosimetry methods for electric fields: The computational
cost of conventional dosimetry methods of electric fields is enormous. There is no
efficient dosimetry method, and there are few examples of electric field dosimetry
calculations.

The purpose of this study is to verify the validity of the reference levels for electromagnetic
fields at low to intermediate frequencies in the international guidelines, as described in 1) and
2) above, based on dosimetry using an anatomical human body model. In solving issues 1) and
2), we have enhanced the dosimetry method of electric fields at low frequencies in response to
issue 3).

First, we developed a two-step electromagnetic field analysis method based on the fast
multipole surface charge method and the SPFD method in order to reduce the computational
cost of dosimetry of electric field exposure. Specifically, in the developed method, the surface
charge method in the first stage analyzes the surface charge induced on the surface of the human
body, and the SPFD method in the second stage analyzes the induced electric field in the body
caused by the surface charge. The fast multipole method is applied to the solution of the
governing equations of the surface charge method, which is the most computationally expensive
part of the method, to achieve high speed. As a result, it is shown that the developed method
takes about 1/5 of the time and requires about 2/5 of the memory of the QS-FDTD method,
which is a conventional method, and achieves the same level of computational accuracy.

Next, the consistency between the reference levels and the basic restrictions in the IEEE
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standard were verified by dosimetry using anatomical human body models of adult males and
females. A spatially uniform magnetic field with the strength of the reference level was applied
to the human body model in the frequency range of 0.5 Hz to 5 MHz, and the induced electric
fields in the body were evaluated by dosimetry for the brain, heart, limbs, and other parts of the
body that are subject to the basic restrictions of the standard. As a result, it was shown that in
some parts of the body (heart, limbs, and other parts), the induced electric field strength in the
body exceeded the basic restrictions. This result suggests that the reference levels of the IEEE
standard for partial exposure to individual parts of the body do not have a margin of safety
against the basic restrictions under whole-body exposure conditions.

Finally, the effect of the phase difference of electromagnetic fields on the induced electric
field in the body under the condition of simultaneous exposure to electromagnetic fields was
verified by dosimetry using anatomical human body models of adult man, woman, and child.
Electric and magnetic fields with a frequency of 50 Hz, which are equivalent in strength to the
reference level of ICNIRP guidelines and IEEE standards, were applied to the human body
models, and the induced electric fields in the body were evaluated by dosimetry. The phase
difference between the electric and magnetic fields was set between —90° and 90°. The analysis
revealed that the induced electric field in the body varied according to the phase difference, and
that the degree of variation depended on the region of the body. In addition, it is shown that the
induced electric fields are below the basic restriction for the entire range of phase differences
considered in this study under the simultaneous exposure conditions equivalent to the reference
level of the ICNIRP guidelines. Based on these results, it is considered that even under
conditions of simultaneous exposure to electromagnetic fields at the electric and magnetic field
strengths (3 kV/m, 200 uT) specified in the Japanese ministerial ordinance as described in
section 1.1.2, the induced electric field in the body is below the basic limit in the same guidelines
because those are sufficiently lower than the reference level for public exposure in the ICNIRP
guidelines (5 kV/m, 200 uT). On the other hand, the induced electric fields under the
simultaneous exposure conditions at the reference level of the IEEE standard exceeded the basic
restriction at some body parts, but this is because the reference level of the IEEE standard for

magnetic fields does not have a margin to the basic restriction, as clarified in the verification
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described above.

The development of an efficient dosimetry method for electric fields in chapter 3 made it
possible to evaluate the comprehensive impact of electromagnetic fields at low frequencies.
Using this method, we were able to examine the issues related to the reference level of the
international protection guidelines in chapter 4 and 5. The findings derived in this study will
serve as a foothold for further elaboration of the international protection guidelines and will
contribute to the safety of the general public around electric power facilities and workers
involved in electric power operations.

In the future work, we plan to verify the effects of the superposition and phase difference of
electromagnetic fields discussed in Chapter 5 under electromagnetic field exposure conditions
assuming the actual posture of workers engaged in electric power maintenance work. In this case,
the two-step computational method described in Chapter 3 using the fast multipole surface
charge method and the SPFD method will be useful in the computation of induced electric fields

in the body.
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Appendix A:
Effects of applying FMM on
Speedup

The speed-up effect of applying FMM on the time required to compute matrix-vector products
when solving the surface charge method by the iterative method was verified compared to the
case where FMM is not applied (i.e., direct computation). The computation time per matrix-
vector product of the coefficient matrix and arbitrary vectors (Temm and Tnon-emm, respectively)
of the surface charge method with and without FMM for a homogeneous conducting sphere
under a uniform electric field of low frequency was compared by varying the number of surface
elements N on the conducting sphere. As in the computations using the detailed human body
model in Chapter 3, the leaf cells of the FMM are cubic regions made of 10 x 10 x 10 voxels,
and the censoring order of the multipole expansion is 6.

Comparative results are shown in App. Fig. A.1 The figure also plots the speedup ratio
(Speedup = Tron-emm, / Temm). The results show that when N is less than about 10,000, the time
required for computation without FMM is less than the time required with FMM (speedup ratio
is less than a factor of 1), but when N is larger, the relationship is reversed and the speedup ratio
is higher when FMM is applied. This may be because the hierarchical computation process of
FMM becomes the rate-limiting cause when N is sufficiently small, and the total computation
time is larger than when FMM is not applied. The speedup rate is approximately 60 times faster
than that of the detailed human body model used in this study at about the same size (around N
=700,000).
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App. Figure A.1  Comparison of computation time for a matrix-vector product computation
between those of FMM and non-FMM (without FMM) using homogeneous spherical conductor.
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Appendix B:
Computational principle of the QS-
FDTD method

The finite-difference time-domain (FDTD) method [53] is a numerical method for solving
Maxwell's equations by direct differencing in time and space. When applying the FDTD method
to an anatomical human body model with resolution AL [mm], the Courant condition [54]
constrains the time step At to be At < AL /c, where c is the speed of light. Thus, for AL =2 [mm],
At must be set to about At = 102 [s]. At the frequency f = 50 [Hz], the number of steps required
to compute one cycle is about 1/(f- At) ~ 10%, which is extremely large and requires enormous
computational resources.

The quasi-static FDTD method [68] uses a quasi-static approximation that neglects the
displacement current, which significantly reduces the analysis time. The conservation law of
electric charge is established at the surface of a human body placed in a low-frequency electric

oD, oD
- E. + nl.n=|0-E  +-=% |.n
(O-m in ot ] [ out ot J (B.1)

field as

where oy is the electrical conductivity of the human body, Ei, and Eo are electric field in and
out of the body, Din and Doyt are electric flux density in and out of the body, n is the normal
vector of the body. Applying the condition of the quasi-static approximation that the
displacement current term oDin/0t = jwanEin is sufficiently small and negligible compared to the
conduction current term cinEin, we derive

ob,

o,.E -n=7"”‘-n=ja)goEout-n (B.2)

in —in

This equation implies that the phase of the intduced electric field in the body Ei, and external
electric field Eou is shifted by /2.
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Here, since the wavelength of the electromagnetic field is sufficiently long compared to the
size of the human body, the phase of the internal electric field is uniform throughout the body,
and the phase of the external electric field is equal to the applied electric field and uniform
throughout the outside. From this characteristic and Eq. (B.2), if the sinusoidal external electric
field Eou(t) = Eouo eXp(jat) is replaced by a straight line with slope Eout'(to) = j@Eouo at time t0
at its zero point, the internal electric field is constant at amplitude Ein(to). This Ein(to) is the
induced electric field in the body to be derived.

Our quasi-static FDTD program [69] applies the FDTD method in the form of a scattering
field [54] to achieve a uniformly varying electric field by providing the incident electric field
with a linearly varying electric field. In addition, the Berenger’s PML (Perfectly Matched Layer)
absorbing boundary [54, 55] is used at the outermost region of the analysis space to reduce the
effect of reflected waves.
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