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Abstract: This paper proposes a summary of a research activity devoted to the 
development of computational tools useful for the numerical investigation 
of human exposure to electromagnetic fields, with particular reference to 
the point of view raised by some standards in force. The subject has been 
faced for both radiofrequency and low-frequency fields and so we discuss 
how to set the different problems in order to limit the computational 
burden. All the numerical approaches that we propose are based on the 
Boundary Element Method and make use of homogeneous human models. 
After a general introduction, the paper is subdivided into two main chapters 
focused on radiofrequency and low-frequency fields respectively. Each 
chapter includes the description of the adopted formulations as well as 
some explanatory examples. 
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1. Introduction 
The protection of human health against possible harmful effects coming from the 
exposure to electromagnetic fields is a subject faced by some international 
organizations, such as the International Commission on Non-Ionizing Radiation 
Protection (ICNIRP) and the Institute of Electrical and Electronics Engineers (IEEE), 
which, in the last years, established specific exposure limits on the induced quantities 
(current density and specific absorption rate, SAR) [17-20].  

At European level, the ICNIRP Guidelines devoted to time-varying electromagnetic 
fields have been adopted as the basis for the Recommendation 1999/519/EC [20] 
addressed to the protection of the general public, as well as for the Directive 
2004/40/EC [1] which, in a next future, will make the ICNIRP provisions a legal 
requirement for the exposure of workers. Owing to their economical and social 
outcomes, both the Recommendation and the Directive have caused a strong need for 
reliable assessment procedures. High resolution human models have been developed in 
the last decade [13-16,22] and can be used together with valuable electromagnetic 
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solvers in order to investigate exposure situations [8,9,10,2]. Nevertheless, in some 
technical standards (see for example [5]) such models are still considered to be in the 
field of scientific research, because they make use of dedicated software, not widely 
available, which require highly specialized competences. Thus, at present time, the 
aforementioned techniques are not relevant with regard to standardization objectives, 
where it is essential to have effective procedures with high efficiency and versatility.  

For the above-mentioned reasons, in this paper we propose an overview of some 
computational tools, numerically handled according to the Boundary Element Method 
(BEM), that we have conceived to be quite versatile and suitable for the evaluation of 
the induced quantities during the inspection of standard observance under verisimilar 
exposure conditions to radiofrequency and low-frequency electromagnetic fields [23]. 
In particular, thanks to the analysis of the peculiarities related to the different 
sources/environments, the proposed approaches have been based on selected 
formulations, specifically studied in order to optimize the computational burden.  

For the representation of the human body we will make use of some models, 
suggested by the relevant standards, having simplified shapes and homogeneous 
properties. In the light of this latter feature, the choice of BEM is due to the possibility 
of representing the objects in the considered domain only through their external 
surfaces; moreover, since the propagation of the field is synthesized by the Green 
function, BEM does not require a description of the space interposed between the 
different objects; this fact represents an important advantage from a computational side, 
mainly when the sources are located quite far from the subject exposed to the field. 
Finally, inside each region of the domain, the field quantities computed according to the 
proposed approach are continuous and not bound by the volume meshes typical of other 
techniques, like the Finite Difference in Time Domain, often adopted to face the 
complexity of the heterogeneous human models.  

2. Modelling of exposure to radiofrequency fields 
This section describes a BEM model able to simulate the human exposure to 
radiofrequency (RF) electromagnetic fields. With the term “radiofrequency”, here we 
will consider approximately the range 100 kHz – 500 MHz. Since the electric and 
magnetic components of the field are quite strongly linked each other, the formulation is 
based on the complete set of Maxwell’s equations; therefore, in principle nothing 
prevents its use outside of the RF band, even if, in this case, the solver is not optimized 
and its performances could appear not completely adequate.  

2.1. Formulation for RF problems 

In the analysis of human exposure to RF fields, we assume the reasonable hypothesis of 
propagation through linear media and we work in the frequency domain. It must be 
noted that this approach does not affect the generality of the problem formulation, 
because the angular frequency can identify a component of a Fourier series (or a Fourier 
integral) and it will be possible to apply the superposition successively. Furthermore, if 
we consider homogeneous and isotropic materials, Maxwell’s equations can be written 
as  

 j∇× = − ωµE H  (1) 
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 ( )s j∇× = + σ + ωεH J E  (2) 

 ρ
∇ ⋅ =

ε
E  (3) 

 0∇ ⋅ =H  (4) 

where E, H, Js and ρ are respectively the electric and magnetic field strength, the 
impressed current density and the volume charge density. The phasor representation is 
exploited and so all these field quantities (both scalars and vectors) are complex. The 
parameters ω, µ, σ and ε are the angular frequency, the magnetic permeability, the 
electrical conductivity and the dielectric permittivity, respectively; j is the imaginary 
unit. 

If one takes the curl of both equations (1) and (2), with a cross-substitution it is 
possible to obtain  

 2 2
s sj j k jσ⎛ ⎞∇×∇× = ω µ ε − − ωµ = − ωµ⎜ ⎟ω⎝ ⎠

E E J E J  (5)  

 2 2
s sj kσ⎛ ⎞∇×∇× = ω µ ε − + ∇× = +∇×⎜ ⎟ω⎝ ⎠

H H J H J  (6) 

where k j σ⎛ ⎞= ω µ ε −⎜ ⎟ω⎝ ⎠
is the complex propagation coefficient.  

In [21] Stratton and Chu showed how, thanks to the vectorial form of Green’s 
theorem, equations (5) and (6) inside a region Ω bounded by a closed surface ∂Ω have 
the following integral solutions  

 ( ) ( ) ( )ωµ  sj dv j ds
Ω ∂Ω

ρ⎛ ⎞= ∇Ψ − ωµΨ + ⎡ ⋅ ∇Ψ + × ×∇Ψ − Ψ × ⎤⎜ ⎟ ⎣ ⎦ε⎝ ⎠∫ ∫E J n E n E n H  (7)  

 ( ) ( ) ( ) ( )ω  
ωs dv j j ds

Ω ∂Ω

⎡ ⎤σ⎛ ⎞= ×∇Ψ + ε − Ψ × + × ×∇Ψ + ⋅ ∇Ψ⎜ ⎟⎢ ⎥⎝ ⎠⎣ ⎦
∫ ∫H J n E n H n H  (8) 

Here n is the normal unit vector directed inwards the volume Ω. If r is the distance 
between the computation and source points, the appropriate Green function is  

 
4

jkre
r

−

Ψ =
π

 (9)  

Equations (7) and (8) allow the computation of an electromagnetic field directly from 
a given distribution of sources without the introduction of vector and scalar potential or 
of a Hertzian vector. Here the surface integrals have a direct interpretation in terms of 
equivalent sources of charges and currents (including fictitious magnetic sources), while 
the volume integrals are particular solutions of the corresponding differential equations 
due to the actual sources. It is therefore clear how the function of the integrals is that of 
combining together the elementary spherical wave contributions of all the sources to get 
their total interference in the computational point. If there are no actual sources inside 
Ω, the remaining surface integrals carry out the “surface equivalent principle” [7].  
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It must be noted that equation (7) involves the knowledge of the charge density, 
which is often hard to obtain. However, the continuity equation may be used to replace 
this term with another one which is proportional to the divergence of Js [12], so that the 
only known terms are represented by the impressed current density and its divergence. 
On the basis of these latter considerations, it is interesting to note that for a divergence-
free source (e.g. a current loop) the contribution related to the charge density can be 
directly omitted. 

Now we can set the numerical treatment of equations (7) and (8), that we can call 
respectively Electric Field Integral Equation, or EFIE, and Magnetic Field Integral 
Equation, or MFIE. A quite natural choice to solve numerically the proposed 
formulation seems to be the Boundary Element Method. According to this technique, 
the surfaces of the computational domain are discretized into a number M of quite small 
triangular elements; on each single triangle m the field quantities E and H are assumed 
to be uniform. We start the analysis of the problem considering the simple case of a 
homogeneous and isotropic test object, radiated by some impressed current densities 
which are confined inside external sub-regions Ωs. In both the external and internal 
volumes, for each i-th element of the mesh, the following discretized versions of the 
EFIE and MFIE have to be verified 

 
( )

( ) ( )

,

, ,        

s
m

m m

M

i s i mm
m

M M

i m i mm m
m m
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∂Ω ∂Ω

ξ = − ωµ Ψ + × × ∇Ψ
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ξ = ×∇Ψ + × × ∇Ψ

σ⎛ ⎞+ ⋅ ∇Ψ + ω ε − × Ψ⎜ ⎟ω⎝ ⎠

∑∫ ∫

∑ ∑∫ ∫

H J n H

n H n E
 (11) 

In the numerical point of view, the i-th element plays the role of the computational 
point, while all the m-th elements represent the source points (for this reason it is 
specified that the Green function is computed taking into account the distance between 
the i-th element and the considered m-th triangle). In the previous equations the 
singularity factor ξ, necessary to avoid the singularity arising when r = 0, is equal to 0.5. 
Both the EFIE and the MFIE are vectorial equations and involve six unknowns (one 
normal and two tangential components for the electric and the magnetic field, for a total 
of 6M unknowns). If we project them on the normal and on the two tangential unit 
vectors defined for the i-th element, we obtain six scalar relations. Applying this 
procedure to all the M triangles, we get a linear algebraic system of 6M equations with 
6M unknowns; this means 36M 2 complex terms, or rather, 72M2 real terms. Generally 
the BEM matrix is full and this feature apparently increases the computational burden 
with respect to other techniques involving volume meshes (e.g. the Finite Element 
Method). However, it is important to remember that since only the surfaces in the 
domain are discretized, the number of matrix elements is not so large in comparison 
with the methods requiring a volume discretization, especially when the sources are 
located quite far from the test objects. It is fundamental to note that, in order to take into 
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account the properties of both the external and internal regions, the six scalar equations 
coming from the EFIE and MFIE cannot be all written with reference to the same 
volume (the interior of the body or the external air), but it is necessary to mix the two 
points of view.  To face this problem there are many different choices, but probably the 
simplest one is to write the EFIE for the internal volume and the MFIE for the air. 
Seemingly the number of unknowns becomes 12M, but actually the classical continuity 
conditions relating the external/internal field components across the interface can be 
used to keep their number to 6M. 

The above described procedure has been implemented in a computational code. 
Besides the sources located in Ωs, the code allows the introduction of external impressed 
fields as sources. In particular, it is possible to define plane waves colliding with the test 
objects (in this case the volume integrals are directly replaced by the values of the 
unperturbed fields over the external surfaces of the body). The solution of the BEM 
matrix provides the field values on the bounding surfaces, which in turn are used to 
compute the electromagnetic state of the system in any point of the domain. This can be 
done by exploiting relationships analogous to (10) and (11) where the computational 
points do not belong to the mesh, so that the singularity factor is not necessary. Finally, 
the knowledge of the electric field inside the radiated object, of mass density δ, allows 
the computation of the induced quantities to be checked:  

 “Total” induced current density:  ( )T j= σ + ωεJ E  (12) 

 Specific absorption rate:  
* 2

T ESAR
⎡ ⎤ℜ ⋅ σ⎣ ⎦= =
δ δ

E J
 (13) 

2.2. Application to RF exposure assessment 

This paragraph shows an example of computations performed with our code [4]. The 
radiated body is the Specific Anthropomorphic Mannequin (SAM) proposed by [6]; the 
mesh adopted during the simulations is shown in Figure 1a. and involves about 2000 
triangular elements. The phantom is here exposed to the near field generated by a small 
loop antenna (average radius: 25 mm) located laterally to the head, at a distance of 
about 4 cm (see Figure 1b.). A unitary current (peak value) flowing in the loop produces 
an electromagnetic field at 100 MHz; at this frequency the electric conductivity, relative 
permittivity and mass density are assumed to be 0.33 S/m, 76 and 1000 kg/m3 
respectively.  

In Figure 2. the reader can find a chromatic map representing the distribution of the 
local SAR over the middle plane of the phantom (where a preliminary analysis has 
identified the highest SAR values). The “hot-spots” are located near the nape and the 
root of the nose. It must be noted how the absence of a volume discretization allows us 
to compute with continuity the SAR in an arbitrarily high number of points. 
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a)                      b) 

Figure 1. SAM phantom: a) BEM representation; b) exposure conditions 

 

 
Figure 2. Chromatic map of the SAR distribution (values in mW/kg) 

3. Modelling of exposure to low-frequency fields 
This section is devoted to the discussion of formulations useful to simulate the human 
exposure to low-frequency (LF) quasi-stationary magnetic and electric fields. Under this 
classification we refer to time-varying fields with a frequency up to 100 kHz 
approximately, for which the propagation phenomena in general can be neglected and 
the two components (magnetic and electric) of the field seemingly act as two 
completely independent entities. We can exploit these features to obtain two different 
computational tools, one fit for the magnetic field and the other for the electric field, 
optimized for the specific problem we would like to solve. Obviously, this approach 
makes the formulations unsuited for the analysis of more general cases, but their 
performances increase and however they can be used to study any kind of situation that 
complies with the simplifying hypothesis. 
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3.1. Formulation for LF magnetic field problems 

A formulation useful for the analysis of exposure to LF magnetic fields can be obtained, 
thanks to a deductive process, directly from the more general formulation discussed in 
paragraph 2.1; this latter, by virtue of suitable simplifying hypotheses, undergoes here 
some important changes.  

At low frequency it is reasonable to disregard the dielectric currents with respect to 
the conduction currents. Moreover, owing to the conductivity of the biological tissues, 
the currents induced in the human body are too weak to modify the magnetic fields 
produced by external sources. So, if we consider a domain without any element able to 
perturb the magnetic field produced by the sources, we can assume it as an impressed 
quantity. Moreover, we have a simplification in the Green function defined through 
expression (9). In fact, if we consider the propagation of the field in the air, we have 

 0
0 0 0 0

2 22   c rkr f r rπ π
= π µ ε = µ ε =

λ λ
 (14) 

where the relation has been reduced thanks to the link between the speed of the 
electromagnetic field in the vacuum (c0) with the permeability (µ0) and the permittivity 
(ε0) of the vacuum. Now, taking into account that the frequency f is limited to 100 kHz, 
the shortest wavelength is λ = 3000 m and even if we contemplate a quite long distance 
r (for example 100 m) the previous expression becomes almost null. Therefore, the 
Green function is no longer a complex quantity but just 

 1
4 r

Ψ =
π

 (15) 

Since the magnetic field is an impressed quantity, relation (8) reduces to the well-
known Biot-Savart law: 

 ( )
s

s dv
Ω

= ×∇Ψ∫H J  (16) 

where Ωs is the volume taken up by the known impressed current density. 

The computation of the electric field induced inside the human body (which is a 
source-free region) can be performed on the basis of a modified form of equation (7):  

 ( ) ( ) ( )ωµ  j ds
∂Ω

= ⎡ ⋅ ∇Ψ + × ×∇Ψ − Ψ × ⎤⎣ ⎦∫E n E n E n H ,  (17) 

It must be remarked that we keep on working in frequency domain adopting the phasor 
representation, but, according to the traditional treatment of LF phenomena, the 
magnitude of the field quantities is here assumed equal to the root mean square (rms) 
value of the corresponding sinusoidal signal.  

In order to introduce the Boundary Element Method, we consider a homogeneous 
human model, whose surface is discretized into a number M of quite small triangular 
elements; on each single triangle m the field quantities are assumed to be uniform. The 
discretized version of equation (17) for a generic i-th element which lies over the 
bounding surface becomes 
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 ( ) ( ) ( ), , ,

m m m

M M M

i i m i m i mm m m
m m m

ds ds j ds
∂Ω ∂Ω ∂Ω

ξ = × × ∇Ψ + ⋅ ∇Ψ − ωµ × Ψ∑ ∑ ∑∫ ∫ ∫E n E n E n H    (18) 

In equation (18) we find again the singularity factor (ξ = 0.5) that is necessary to 
avoid in a proper way the singularity of the Green function. It is worth noting how the 
decoupling between the magnetic and the electric field exposures allows us to ignore the 
presence of the ground plane (whose properties are such that it is not able to perturb the 
magnetic field distribution); so, we avoid its introduction in the domain and the 
consequent mesh. 

Equation (18) is a vectorial relation that in general involves three unknowns (the 
normal and the two tangential components of the electric field) because the magnetic 
field acts as a known term. Under the hypothesis of disregarding the dielectric currents, 
the continuity of the normal component of the conduction current density (that in air is 
null) implies that the electric field normal component is null everywhere along the 
surface. So, it is possible to project equation (18) only on the two tangential unit 
vectors; in this way the algebraic system will be constituted by 2M equations with 2M 
unknowns, giving rise to a square matrix of 4M2 real elements. Also in this case, after 
the solution of the BEM matrix, the electric field induced inside the body is computed 
with a relation similar to (18), in which the singularity factor is not present. The induced 
current density is finally obtained from the electric field simply through a multiplication 
by the proper conductivity. 

3.2. Formulation for LF electric field problems 

At low frequency, the effects of the magnetic field and of the impressed current 
densities on the environmental electric field are often negligible, and therefore the only 
source is represented by the charges. So, we can consider that the electric field is 
generated by charged bodies having a stated voltage. Usually the voltage is known (the 
power lines are a typical example) while the charges can only be obtained by solving 
the capacitance matrix. For this reason, it is reasonable to set a formulation in which the 
known terms are expressed directly in terms of the voltages. On the basis of these 
considerations, we will discuss a procedure that exploits the previous experiences with 
the BEM but, at the same time, diverges from them because it is focused on the electric 
scalar potential, instead of on the field quantities. 

Under quasi-stationary conditions, the equation (1) assumes the approximate form 

 0∇× =E  (19) 

so that it is possible to introduce the electric scalar potential V 

 V= −∇E  (20) 

Since in our analysis we do not consider the presence of charges (the charged bodies 
will be characterized through their voltage), the electric scalar potential satisfies the 
classical Laplace’s equation. In the light of the Green theorem, for a homogeneous 
region Ω, bounded by a set of surfaces ∂Ω, this kind of problem can be solved by the 
following integral equation  
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 d dVV V ds
dn dn∂Ω

Ψ⎛ ⎞= − Ψ⎜ ⎟
⎝ ⎠∫  (21) 

where the Green function Ψ is the same defined with relation (15). 

In order to introduce the Boundary Element Method, we discretized each surface into 
quite small triangular elements and on each single triangle the potential and its normal 
derivative are assumed to be uniform. For each volume in the domain, the potential of a 
generic i-th element, which lies over a bounding surface, receives the contribution of all 
the M triangles which overlook the volume:  

 ( ) ( ) ,ξ
m m

M M

i m i i mm m
m m

V V ds V ds
∂Ω ∂Ω

= ∇Ψ ⋅ − ∇ ⋅ Ψ∑ ∑∫ ∫n n  (22) 

The factor ξ = 0.5 is used again to avoid the singularity arising when r = 0. 

Each element allows the setting up of a scalar equation that involves two unknowns 
(the potential and its normal derivative). However, for the analysis of the human 
exposure to LF electric field, we have to write relation (22) for a domain constituted by 
the air (in which we find the sources) and the human model. Consequently, in order to 
set the matrix which describes the whole system, relation (22) is applied to both the air 
region and the interior of the body, so that each triangle introduces two scalar equations. 
The number of the unknowns does not increase thanks to the following interface 
conditions applied to each surface element:  

 ( ) ( )
( ) ( )

( ) ( ) ( ) ( ) ( ) ( )

a b

a a a b b b

V V

V V

=

∇ ⋅ ε = − ∇ ⋅ εn n
 (23) 

where the minus sign in the second interface condition is used to take into account that 
the normal unit vectors are in opposite directions for the two volumes. 

In general we have a number of unknowns lower than 2M, because over the surfaces 
of the sources the potential is imposed (Dirichlet condition); in this case, since each 
element introduces just one unknown, the BEM equation is only written for the external 
volume. 

Unlike what we said in paragraph 2.1, for electric field problems the ground plane 
plays a fundamental role because it behaves as a good conductor and its presence cannot 
be ignored. In order to avoid the corresponding mesh (that would make the dimension 
of the matrix increase), we consider the ground as a perfect conductor and exploit the 
images principle. So, when we compute the contribution of the m-th element on the i-th 
one, we also introduce the contribution of the corresponding image element m’. This 
latter has opposite potential and normal derivative with respect to the actual triangle and 
involves a proper value for the Green function (on the basis of its coordinates). Since we 
do not write any equation for the images, the dimension of the matrix does not change 
and we need to store the same number of terms (with a consequent advantage on the 
overall computational burden). 

After the solution of the matrix, the computation of the potential in any point of the 
considered volume can be performed thanks to relation (22) by setting ξ = 1. Finally, the 
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electric field can be obtained through the numerical computation of the gradient of the 
potential and allows an immediate calculation of the induced currents. 

3.3. Application to LF exposure assessment 

As an example of exposure assessment, in this section we show some results obtained 
during the analysis of workers’ exposure in an electric substation operating at power 
frequency [3]. For the representation of the human body we make use of a 3D version of 
the “reference man” proposed in [5], which is here discretized with a surface mesh of 
about 2300 triangles (see Figure 3). As suggested by [5], the conductivity and relative 
permittivity of the human model are set to 0.2 S/m and 105 respectively. 

     
Figure 3. BEM mesh of the 3D reference man 

The case under study assumes that an operator is placed nearby a three-phase 380 kV, 
50 Hz line voltage busbar system. The supplied components are disposed at 6.5 m above 
the ground, the distance between the conductors is 5.5 m, and the distance between the 
insulators is 3.5 m. Three-phase balanced currents (1500 A) with a power factor cosφ = 
0.9 are assumed to flow through the busbars. The body is placed both at 2 m from the 
closer phase (position A), where the maximum electric field is experienced, and below 
the central bar (position B), where the magnetic field reaches its maximum value. The 
two positions are indicated in Figure 4., which shows how each busbar is suspended by 
vertical insulators located at the top of basements at ground potential. This situation 
implies a mixed exposure to LF electric and magnetic fields and so we can take 
advantage of the two specific formulations previously described. The effects of the 
electric and magnetic fields are separately evaluated and then superimposed thanks to 
the problem linearity. The results are summarized in Figure 5, reporting the rms value of 
the induced current density along the x-axis, at the forehead height. The effect of the 
electric field exposure is always predominant; the presence of the magnetic field gives 
rise to an increase of the maximum value of about 20% in position A and about 30% in 
position B. The results obtained assuming cosφ = 1 are also reported for position B, 
where it is evident that the value of the power factor has a weak influence. It is 
interesting to note that the effects of the two fields can interfere both in an additive and 
in a subtractive way. This result is due to the vectorial nature of the induced quantities 
and in general depends on the phase-shift of the sources. 
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Figure 4. Position A and B for the exposure evaluation in an electric substation 

 
Figure 5. Distribution of the induced current density along the x-axis at the forehead  

(up-position A, down-position B) 
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4. Conclusions 
In this paper we have shown how the Boundary Element Method can be usefully 
employed in order to set efficient computational tools devoted to the study of human 
exposure to electromagnetic fields from low to radiofrequency. The preliminary 
analysis of the physics involved by the exposure conditions has allowed the 
formulations of optimized procedures, general enough to be used for the numerical 
assessment of compliance with the limits in force as requested by the current technical 
standards.  
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