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Abstract 

This paper deals with human exposure to extremely low frequency (ELF) electric 
fields generated by a transformer substation. The problem is twofold, i.e. it 
implies the assessment of the power substation electric field and the related 
current density induced inside the human body. The ELF electric field generated 
from a power substation is determined by solving the Scalar Potential Integral 
Equation (SPIE) using the Source Element Method (SEM), a variant of the 
Indirect Boundary Element Method (IBEM). Knowing the electric field in the 
vicinity of a substation the current density induced inside a simplified cylindrical 
model of the human body is obtained by solving the Pocklington integro-
differential equation using the Galerkin-Bubnov Indirect Boundary Element 
Method (GB-IBEM).  

1 Introduction 

Human exposure to extremely low frequency (ELF) fields generated by power 
substations initiated an increasing public concern regarding possible adverse 
health effects. A lot of controversy has been caused due to the possible link 
between the low frequency fields and leukaemia, or certain forms of tumour (e.g. 
nervous tissue tumour) [1–3] in humans. As the displacement currents at 
extremely low frequencies are negligible the electric and magnetic fields can be 
analyzed separately. In the case of the magnetic field exposure the internal 
currents form close loops, while in the electric field exposure the currents 
induced in the body have the axial character. 
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     This paper deals with the assessment of human exposure to ELF electric 
fields generated by power substations using the indirect boundary element 
approach, i.e. the method of sources. First, the spatial distribution of the 
electric field is assessed by solving the Scalar Potential Integral Equation 
(SPIE) using the source integration procedure known as the Charge Simulation 
Method (CSM), or the Source Element Method (SEM) [4]. This approach can 
be also referred to as a variant of the Indirect Boundary Element Method 
(IBEM). 
     Second, the current density induced in the human body, as a main parameter 
for the estimation of low frequency exposure effects proposed by ICNIRP basic 
restrictions [5], has to be determined. The assessment of the current density 
induced in the human body due to ELF exposures, mostly to power lines, has 
already been reported by some researchers having used either analytical [1,2], or 
numerical techniques [6–10]. 
      The simplified cylindrical representation of the human body, already proved 
to be efficient in the assessment of human exposure to power line electric fields 
[3,10], is used in this work for the power station case study. It is worth noting 
that the main feature of the model is efficiency and rapid estimation of the 
phenomenon.  

2 Calculation of electric field 

Electric scalar potential at an arbitrary point P(x,z) due to a conductor segment 
carrying linear charge density, as shown in Figure 1, is defined as [4]: 
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where: ρl denotes the line charge density, 2L stands for the wire length, R is the 
distance between a point on the straight wire and an arbitrary point P. 
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Figure 1: Straight wire geometry. 

When the potential ϕl along the straight wire is known, the integral equation (1) 
becomes: 
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where a denotes the wire radius. 
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Having performed a discretization of the substation conductors a system of 
equations for unknown charges along the each segment is obtained.  

The integral equation (2) then transforms into a corresponding matrix 
equation [10]: 
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where:  ϕ1, ϕ2,...,ϕn stand for the boundary element potentials,  q1,q2,...,qn denote 
the boundary element charges, and P11, P12,...,Pnn are Maxwell coefficients. 
The unknown charges are obtained by inverting the Maxwell coefficient matrix 
(3), while the details pertaining to the Maxwell coefficients can be found in [11]. 

The electric field components in rectangular coordinates at an arbitrary point 
(x,y,z), generated by an i-th boundary element, Figure 2, are given by [5]:  
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where:  qi  denotes the charge of i-th segment, Li  stands for the length of i-th 
segment, and 
 

    222 zyW += .                              (7) 
 
As it is visible from Fig 2 the total field components are assembled from each 
boundary element. 
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Figure 2: Electric field components produced by i-th segment. 

3 Cylindrical antenna model of the human body  

The human body vertically standing on the earth and exposed to the extremely low 
(ELF) electric field can be represented by a cylindrical antenna model with a 
uniform cross section and conductivity, i.e. the conducting cylinder of the full 
length L and radius a, as it is shown in Fig. 3.  

 

Figure 3: The equivalent antenna model of the human body.  

     The determination of the current distribution within the human body is based 
on the solution of the frequency domain Pocklington integro-differential 
equation. The loaded thick-wire model of the human body exposed to the ELF 
fields based on the Pocklington equation, which is used in this work, has been 
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proposed in [3] and [9]. This equation can be derived starting from the time 
harmonic Maxwell’s equations. The Pocklington integro-differential equation 
which determines the current along a thick wire is given by [3,9]: 
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where Ez

inc is the corresponding incident field, I(z) is the axial current 
distribution ZL(z) is the impedance per unit length of the cylinder, and gE(z, z’) is 
the kernel of the integral equation which is given by [3, 9]: 
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in which R denotes the distance from the source point z to the observation point 
z’, where both are located on the thick wire antenna surface, therefore: 
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The electric properties of the body are taken into account by the character of the 
impedance ZL which is, for ELF exposures given by: 

c2L Z
a
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πσ

                                   (11) 

 
where the capacitive impedance Zc = - j/ω C between the antenna and its image 
accounts for the isolating effect of shoes being worn.  
     The maximum current will flow from the body into the ground when it is 
assumed that the person is standing bare footed on a good conducting ground, 
Zc=0, which is assumed in this work. 
     The induced current density is simply given by: 
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The Pocklington integro-differential equation for the single thick wire is solved 
by the Galerkin-Bubnov Indirect Boundary Element Method (GB-IBEM). The 
details are available elsewhere, e.g. in [3].  
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Figure 4: Substation layout. 

4 Computational example 

A computational example is related to the 110/10 kV/kV transmission substation 
of GIS (Gas-Insulated Substation) type in Split, Croatia which simplified two-
dimensional layout of the substation is shown in Fig 4. The 50Hz-electric field is 
calculated at height z=1m above ground. There is no real possibility of a public 
exposure within the transmission substation, and a professional exposure is 
strictly limited to duration, thus the calculations are undertaken outside the fence 
of the substation.  

The equipment with grounded shields (power cables), sheaths (GIS buses), or 
metallic casings (transformers, switchgears) are neglected due to the shielding 
effect [12], i.e. the metallic enclosures are connected to ground, thus producing 
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negligible electric field. Consequently, overhead transmission lines and 
unshielded conductors are considered for this particular substation. The 
calculation domains 1 to 5, in which the higher field values are expected, are 
assigned in Figure 4. The spatial distribution of electric field over the domain 2, 
where the highest field value is captured, is shown in Figure 5. It is worth noting 
that due to the shortness of the unshielded conductors, as well as their 
considerable distances from the substation fence, the main electric field sources 
are the overhead lines.  

This can be observed in Fig 5 where the maximal electric field is Emax=380.70 
V/m. The point of maximum of electric field is located just below the overhead 
line route.  
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Figure 5: Spatial distribution of the electric field over the domain No. 2. 

     Once the external electric field is known the current density induced inside 
the human body can be computed. The human body consists of the various 
tissues and organs with varying electrical properties such as conductivity σ and 
relative permittivity εr. The cylinder length is L=1.75m, radius is a=0.14m, while 
the average conductivity of the body is approximately σ ≈ 0.5 S/m.  
     The induced current densities and axial currents calculated for the case of 
maximal field values are presented in Table 1.  

Table 1:  Maximal field values and related internal current densities. 

Domain E (V/m)  J (µA/m2) Iz(µA) 

1 327.546 85.31 5.253 
2 380.704 99.15 6.105 
3 31.9 8.31 0.512 
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     In addition, it is evident that the maximal value of the computed field in 
domain 2 (380.704kV/m) is appreciably lower from the exposure limits for both 
occupational (10kV/m) and general population (5kV/m), respectively proposed 
by ICNIRP guidelines [5].  
     In addition, the maximal value of internal current density 0.09915 mA/m2 
compared to the basic restrictions proposed by ICNIRP [5] is also far below 
exposure limits for both occupational (10mA/m2) and general population 
(2mA/m2), respectively.  
     The longitudinal distribution of the induced current density in the body 
model, for different values of the external field, is shown in Fig 6. 

 

Figure 6: Current density distribution along the cylindrical body. 

5 Concluding remarks 

Human exposure to ELF electric fields generated from power substations is 
analyzed in this paper using the cylindrical model of the human body. The 
problem is twofold involving the calculation of power station electric field and 
the related internal current density, respectively.  The electric field generated by 
the power substation is calculated by the Source Element Method (SEM) 
representing a variant of Indirect Boundary Element Method (IBEM). The 
current density induced inside the human body is obtained by solving the 
corresponding Pocklington integro-differential equation via the Galerkin-Bubnov 
Indirect Boundary Element Method (GB-IBEM). Obtained computational results 
for the electric field and the internal current density, respectively, are appreciably 
below the reference levels and basic restrictions, respectively, proposed by the 
ICNIRP guidelines.  
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