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Abstract: - Occupational exposure to anthropogenic magnetic field at 50/60 Hz has attracted much attention 
recently with considerable apprehensions due to probable health hazards. The measurements of this magnetic 
field in the transmission switchyard of hydropower stations were performed in a segmented manner via a 
calibrated Extech 480826 Triple-Axis meter placed on a constructed stand with three observation heights (1.0, 
1.5, and 1.8) metres corresponding to regions of waist, chest, and head for a standard normal human. The one-
way ANOVA test in SPSS software with a p-value set at 0.05 demonstrated statistically significant differences 
in extremely low frequency (ELF) magnetic field exposure. The Tukey Simultaneous 95% CI significant 
differences were noted when the difference of mean for locations (Shiroro and Kainji switchyards) based on 
each observation height does not cross the zero-reference interval region. Whereas Jebba with Shiroro or Kainji 
switchyards were not significantly different. Furthermore, the Tukey Simultaneous 95% CI of two-way 
ANOVA shows that the difference of mean for heights: (1.0 m versus 1.5 m), (1.0 m versus 1.8 m), and (1.5 m 
versus 1.8 m) were statistically significant to ELF magnetic field exposure based on locations. The induced 
electric field and current density simulations using COMSOL Multiphysics for the highest mean magnetic field 
of uniform exposure in the switchyards show that the evaluated values were less than the stipulated basic 
restriction of 0.8 V/m and 10 mA/m2 by ICNIRP standard. Therefore, this study has given an insight on the 
instant intensity, the extent of induction and the need for continuous monitoring as precautionary measures to 
safeguard occupational workforce from extreme and prolonged magnetic field exposure radiation in 
switchyards vicinity, and also some associated health hazards in the heights’ region are discussed. 
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1 Introduction 
The indispensability of electricity in society is 
greatly influenced by growth in human population, 
urbanisation and industrialisation. For these reasons, 
there are quest for reliable, low-cost and alternative 

means of electricity generation, [1], [2]. 
Hydropower offered this viable option of energy 
because water is nature's free gift, readily available 
and does not require fuel cost. Hence many nations 
are harnessing their technogenic potential for 
electricity generation and have become an integral 
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part of energy sources, [3]. Other benefits derived 
from water for electricity generation are: nontoxic, 
usefulness in irrigation and aquatic farming, and has 
a longer lifespan when compared to other energy 
sources. Thus, dependable and serving as a fulcrum 
of industrialisation vis-à-vis economic prime mover 
and basis for improved living standards.  

The generation, transmission, distribution and 
use of electricity is accompanied by the emission of 
electric and magnetic fields that pollute the 
environment, [4]. However, the magnetic field 
component has attracted research attention recently, 
[5], [6], [7], [8] since studies have revealed that it 
permeates skin effortlessly without hindrance [9], 
inducing electric field and current density in the 
biological tissues [10]. Hence, raising apprehensions 
on the environmental influence and occupational 
exposure safety, [11]. In view of these, the 
International Agency for Research on Cancers 
(IARC) has classified extremely low frequency 
(ELF) magnetic field as a likely human carcinogen 
(group 2B), [4] [7], [12], [13] whose prime source is 
electricity operated at 50/60 Hz, [9]. The World 
Health Organisation (WHO) an arm of the United 
Nations (UN) saddle with health has commissioned 
the International Commission on Non-Ionising 
Radiation Protection (ICNIRP), [14] to focus on 
assessing the level of health hazards associated with 
exposure. In view of the mandate, the ICNIRP has 
specified 10 mA/m2 at frequencies from 4 Hz to 1 
kHz and 0.8 V/m at frequency from 1 Hz to 3 kHz 
as respective values for induced current density and 
induced electric field for the electromagnetic fields 
radiated from high voltage facilities for occupational 
safety, [13]. The emitted technogenic fields are 
among the ubiquitous invisible environmental 
pollutions apart from the well-known pollutants in 
this modern era encountered daily by human beings, 
[15].  

Transmission infrastructures in switchyard play 
a strategic role in society [14], and are one of the 
locations with high concentrations of 
electromagnetic fields pollutions [3], [7], which are 
functions of frequency, phase, magnitude and 
direction, [16]. These fields are emitted by 
operational equipment installed for the purpose of 
electrical energy generation, transmission, 
distribution and utilisation. In the process, they 
cause ionisation of air, emitting corona ions that get 
attached to several aerosol particles that pollute the 
earth’s atmosphere, [17]. 

Published studies suggest professional groups 
such as utility workforce in hydro and thermal 
electrical plants [18] are exposed persistently to 
extreme ELF fields produced by infrastructures in 

the switchyard compared to ordinary workers in 
office environments whose intensity of field 
exposure is at the same levels as those found at 
home and public environments, [15], [19], [20]. 
However, the components of magnetic field have 
been discovered to move farther from its source, 
permeate virtually through all materials including 
human tissue. This might lead to increased risks of 
cancer and oxidative stress within the biological 
system than the electric field counterpart [7], [9], 
[16], because human tissue and air possess the same 
magnetic permeability property [1].  

In Nigeria, there are sparsity of studies 
conducted to assess the occupational intensity and 
extent of induction to ELF magnetic field exposure 
in transmission switchyards. Available works have 
centred on studying the fields' easement intensity 
along the right of way (ROW) of high-tension 
transmission lines, [16], [21], [22], [23]. Reference 
[21], used Trifield meter (model 100XE) to 
examined the electromagnetic fields pollution due to 
132 kV and 330 kV transmission lines at 
Bauchi/Gombe area in Nigeria. Whereas, the health 
hazards analysis of exposure to electric and 
magnetic fields study around 11 kV, 33 kV, 132 kV 
and 330 kV high-tension lines in Kaduna metropolis 
with ELECTRO SMOG meter were performed in 
[16]. The measurements made, were at 10 m 
intervals from the base of the power lines to 100 m 
distance away. Reference [22] analysed the electric 
and magnetic fields of transmission lines emanating 
from four transmission stations at a horizontal 
distance of 10 m intervals up to a distance of 100 m 
by means of Electrosmog meter (Model TES-92). 
These aforementioned studies and others on fields 
radiated by electrical transmission lines in public 
domain around the easement of towers in the 
country have motivated occupational study of ELF 
magnetic field exposure in transmission switchyards 
of hydropower stations located in Niger state, north 
central Nigeria.  

This article is continuance of the previous work 
in [24] of the same sites but in this present study, 
difference of mean for locations to instantaneous 
intensity of ELF magnetic field exposure based on 
the observation heights were examined and the 
statistically significant difference noted when the 
difference of mean for locations do not cross the 
zero-reference interval region. The induced electric 
field and current density of the highest mean ELF 
magnetic field exposure at the spot for each location 
were computed through COMSOL Multiphysics 
simulation.  

This study aims at creating awareness for 
industry regulator and researchers to also focus on 
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survey of ELF magnetic field intensity within 
switchyards vicinity as precautionary measures to 
safeguard occupational workforce from hazardous 
exposure. 
 

 

2 Measurement Method 
The study was carried out in the month of January, 
2022 in three hydropower transmission switchyard 
generation plants located in Niger state, Nigeria as 
depict in Figure 1 (Appendix). The ELF magnetic 
field measurements were done with the aid of a 
calibrated handheld Extech 480826 triple-axis EMF 
meter with its external detachable probe sensor 
usually positioned on a constructed stand with three 
different observation heights of 1.0, 1.5 and 1.8 m, 
which represent standard regions of human such as 
the reproductive organs, pleural cavity and the brain 
respectively. These preferred heights are based on 
reports suggesting that excessive exposure beyond 
the occupational threshold limit of 1 mT is linked to 
probable health hazards such as reproductive, 
cardiovascular and  neurological disorders, [5].  

The records for the estimated average electricity 
consumption in the switchyard during measurement 
are stated in [24]. The Transmission Company of 
Nigeria (TCN) Shiroro sub-region granted approval 
and access to the facilities for the survey under the 
supervision of the personnel upon request. 

The entire switchyards’ measurements of the 
ELF magnetic field intensities at 50 Hz frequency 
were performed in a segmented format by placing 
the calibrated handheld meter sensor on the 
constructed stand. The resultant root mean square of 
the recorded magnetic field across the three axes 
evaluated for each observation height at the 
different spots of interest were noted. 

The essence of the constructed stand was to 
guarantee measurements uniformity and accuracy at 
designated height at the various spots of interest in 
the switchyards. Same technique of measurement 
was applied throughout and duration of 60 seconds 
allowed before recording the value detected on the 
meter screen and subsequent change of sensor level 
across observation heights and spots to minimise 
errors due to fluctuation. The meter has an 
approximate sampling period of 0.4 s, flat frequency 
response with narrow frequency bandwidths of 30 – 
300 Hz. The meter used conformed with the 
standard requirements set for instrumentation as 
stated in reference, [24].  

The comparative analysis was performed via 
Tukey Simultaneous 95 % Confidence Interval (CI) 
for ELF magnetic field exposure based on heights 
for the difference of mean for locations using one-

way ANOVA (version 23.0) in SPSS package with 
a p-value set at 0.05 as a statistically significant 
level. The induced electric field and current density 
were computed via COMSOL Multiphysics (version 
5.5) software through simulation by subjecting the 
standard normal human to a uniform exposure of the 
highest mean ELF magnetic field recorded from the 
vicinity of switchyards. 
 
2.1 Mathematical Model 
Measuring the magnitude of electric field and 
current density induced within the biological system 
is difficult to achieve directly, [25]. But with 
mathematical model and the aid of COMSOL 
Multiphysics software, an approximate level of 
induction in an adult human can be evaluated. 

This is done by the principle of quasi-static 
approximation with the assumption that the electric 
field is negligible and magnetic field is predominant 
in the environment with air as a perfect dielectric 
[25]. At ELF, the wavelength is large relative to the 
dimension of the human body [9], the relationship 
between the time-varying magnetic field and body 
induced electric field is expressed by time-harmonic 
Faraday's law, Ampère’s law and Gauss’s law for 
magnetism respectively as: 

∇ × E⃗⃗ = −jωB⃗⃗     (1) 

∇ × H⃗⃗ = μJ     (2) 

∇ ⋅ B⃗⃗ = 0    (3) 

where E⃗⃗  (V/m) is the vector of electric field 
intensity, B⃗⃗  (T) is the vector of magnetic flux 
density, H⃗⃗  (A/m) is the vector of magnetic field 
intensity, ω (rad) is the angular frequency of 
incident field, J  (A/m2) is the conductive current 
density and μ (H/m) is the magnetic permeability. 
 
The magnetic vector potential, B⃗⃗  is expressed as 
[25]: 

B⃗⃗ = ∇ × A⃗⃗     (4) 
which is a direct consequence of the magnetic 
Gauss's law. Solving equations (1) and (4) gives,  

∇ × E⃗⃗ = −∇ × jωA⃗⃗ .    (5) 
 
Thus,        
 ∇ × (E⃗⃗ + jωA⃗⃗ ) = 0   (6) 
 
But, the curl of the gradient of any scalar field 
vanishes, that is ∇ × ∇ϕ = 0. Hence, 
 ∇ × (E⃗⃗ + jωA⃗⃗ ) = −∇ × ∇ϕ  (7) 
 
and the electric field is then expressed as: 

E⃗⃗ = −(jωA⃗⃗ + ∇ϕ)    (8)  
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where ϕ is the scalar potential resulting from static 
electric field and A⃗⃗  is the vector potential due to 
alternating electric field, [25]. The ∇ϕ in equation 
(8) demonstrates that magnetic field represent 
gradient of scalar potential, [26]. 
 
The electric field induced in the tissue, setup eddy 
currents. Thus, the conduction current density may 
be expressed as: 

J = −σ(jωA⃗⃗ + ∇ϕ)    (9) 
where σ is the conductivity of the human tissue [27].  
By taking the divergence of equation (9) with LHS 
vanishing, one obtains the magnetic field exposure 
form as: 

−∇ ∙ σ(jωA⃗⃗ + ∇ϕ) = 0              (10) 
 
Therefore, the ELF magnetic field equation (10) is 
the governing equation for the air and the tissues 
interface.  
 
 
3 Results 
The perimeter of the transmission switchyard is 
always a function of the installed capacity of the 
equipment in the hydropower stations. So, the 
number of recorded ELF magnetic field spots are 
unequal across the switchyards. Jebba, Kainji and 
Shiroro transmission switchyards have 164, 170 and 
183 respectively as the number of spots from the 
survey.  

The plots in Figure 2, Figure 3 and Figure 4 are 
the results of comparative analyses based on 
observation heights with significant differences (α = 
0.05) for ELF magnetic field exposure observed 
when the difference of mean for locations does not 
cross the zero-reference interval region. 

 

 
 

Fig. 2: Tukey 95% CI of Height at 1.0 m of 
Difference of Mean for Locations  
Source: created by the authors 

 
Figure 2 shows that the difference of mean for 

locations (Shiroro and Kainji switchyards) based on 
height 1.0 m is significant to ELF magnetic field 

exposure. Meanwhile, at the same observation 
height there were no statistically significant 
differences observed between Jebba with Kainji or 
Shiroro transmission switchyards because the 
difference of mean for locations crossed the zero-
reference region interval. 

 

 
 

Fig. 3: Tukey 95% CI of Height at 1.5 m of 
Difference of Mean for Locations 
Source: created by the authors 

 
Figure 3 shows that Jebba with Kainji or 

Shiroro transmission switchyards at Tukey 95% CIs 
test are not significantly different from ELF 
magnetic field exposure at height 1.5 m because of 
the difference of mean for locations that crossed the 
zero-reference interval region, whereas based on the 
same observation height the difference of mean for 
locations (Shiroro and Kainji transmission 
switchyards) is significant in exposure. 

 

 
 

Fig. 4: Tukey 95% CI of Height at 1.8 m of 
Difference of Mean for Locations 
Source: created by the authors 

 
Figure 4 reveals a significant difference for ELF 

magnetic field exposure based on a height 1.8 m of 
the difference of mean for locations (Shiroro and 
Kainji transmission switchyards), whereas at the 
same observation height, Jebba with Kainji or 
Shiroro transmission switchyards whose differences 
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of mean for locations cross the zero-reference 
interval region are not statistically significant. 

In summary, the Tukey Simultaneous 95% CIs 
for one-way ANOVA have revealed that significant 
differences to magnetic field exposure based on 
each observation height occurred between 
transmission switchyards when the difference of 
mean for locations do not cross the zero-reference 
interval region but nonsignificant if otherwise. 

Furthermore, Figure 5 illustrates the two-way 
ANOVA performed on the ELF magnetic field by 
considering two factors: locations and observation 
heights. The Tukey 95% CI based on locations for 
ELF magnetic field exposure of the difference of 
mean for observation heights revealed significant 
differences of exposure for locations (𝑃 <  0.001); 
heights  (𝑃 <  0.001) and nonsignificant difference 
of locations with heights (𝑃 =  0.964). Thus, null 
hypothesis stands rejected for locations with 
heights. 

The Tukey 95% CI plot shows that the 
difference of mean for height (1.0 m versus 1.5 m); 
(1.0 m versus 1.8 m); and (1.5 m versus 1.8 m) are 
significantly different for ELF magnetic field 
exposure based on locations because none of the 
mean heights crossed the zero-reference interval 
region. These show that there exist differences in 
ELF magnetic field exposure experienced at the 
regions of waist, chest and head in the switchyards 
for a standard normal human. 
 

 
 

Fig. 5: 95% CI of Locations of the Difference of 
Mean for Observation Heights  
Source: created by the authors 

 
The evaluation of induced electric field and 

current density for ELF magnetic field exposure is 
of great interest due to probable health hazards. It 
was performed using COMSOL Multiphysics 
software via the AC/DC module. Problems analysis 
in COMSOL is resolved by the finite element 
method. The 2-D human model used in the study 
was assumed to have a constant head radius of 0.1 

m, body radius of 0.3 m and body height of 1.8 m,  
relative permeability (µr) of 1 H/m, relative 
permittivity (εr) for all organs of 2 × 107 F/m, and 
conductivity of skin as 0.04 S/m, [25]. 
The complete mesh of 2D human surface structure 
was discretised into 807 linear triangular domain 
elements consisting of 159 boundary elements. 

Figure 6, Figure 7 and Figure 8 represent the 
2D standard normal human structure simulations 
distribution of induced electric field and current 
density subjected to a homogeneous exposure of 
highest mean magnetic field recorded in 330 kV 
Jebba, Kainji and Shiroro transmission switchyards 
respectively. 

The evaluations in Figure 6, Figure 7 and 
Figure 8, show that the maximum induced electric 
field and current density occurred in Shiroro 
transmission switchyard with respective values of 
55 × 10−12 𝑉 𝑚⁄  and 35 × 10−13 𝐴 𝑚2⁄  but, the 
values are much less than the ICNIRP set basic 
restriction values of 0.8 𝑉 𝑚⁄  and 10 𝑚𝐴 𝑚2⁄  that 
can lead to health hazards.  

 
Fig. 6: Jebba Switchyard Induced Electric field and 
Current Density Simulation  
Source: created by the authors 

 

 
Fig. 7: Kainji Switchyard Induced Electric field and 
Current Density Simulation  
Source: created by the authors 
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Fig. 8: Shiroro Switchyard Induced Electric field 
and Current Density Simulation [Source: created by 
the authors] 

 
 The simulations revealed the relative 

concentration of the induced electric field and 
current density at the upper body part, mostly at the 
neck region. This region's level of vulnerability is 
due to its smaller cross-sectional size and closeness 
to the field source, and consistent with the assertion 
in [27] and [28]. 
 

 

4 Discussion 
The corresponding instant highest recorded ELF 
magnetic field in transmission switchyards at height 
1.0, 1.5 and 1.8 m from Jebba are 13.18 µT, 16.40 
µT and 19.49 µT; Kainji are 11.00 µT, 12.63 µT 
and 15.26 µT, and Shiroro are 21.32 µT, 23.73 µT 
and 26.48 µT respectively. These measured values 
from the locations are 1.95 %, 1.53 % and 2.65 % of 
the occupational exposure limit. Thus, significantly 
low in comparison to the 1 𝑚𝑇 as the occupational 
exposure threshold specified by ICNIRP. 

Similar study in [12] assessed the health risk 
associated with magnetic field exposure in five 
switchyards of three electrical substations from two 
states of Southeast, Nigeria using the TENMARS 
(model TM-191) magnetic field meter. The highest 
value of 15.04 µT obtained from the middle of the 
switchyard in Alaoji 330 kV substation was within 
the range of values of the present study obtained 
from Jebba and Kainji 330 kV transmission 
switchyards.  

Studies have unveiled that persons exposed to 
ELF magnetic fields exhibit potential health 
hazards, [11]. So, the possible effects of ELF 
magnetic field induction in transmission 
switchyards might be quite different from those in 
other environments due to the strength and extent of 

exposure, [9]. These have raised disquiet about the 
occupational safety of switchyards’ workforce and 
the resulting possible health hazards associated with 
exposure, and induction arising owing to proximity 
and frequent encounter with high-intensity fields 
from electrical equipment during routine activities.  

Extreme, frequent and prolonged exposure to 
ELF magnetic field have been reported to cause 
physiological and psychological effects on 
interaction with sensitive organs in the body.  

The direct interaction with the internal human 
brain vital signals produces measurable changes in 
brain electrical activity influencing the motor 
coordination, sensory perception, cognitive 
activities, visual processing, overproduction of 
oxidative stress indices and exhaustion that may 
interfere with quality of sleep and, is an underlining 
cause of stress, [9], [10], [19], [29]. Reference [30] 
examined the effects of chronic exposure to ELF 
magnetic field at 3000 µT for an hour at 60 Hz on 
the human brain and noticed activity changes in a 
specific region when monitored with magnetic 
resonance imaging. Also, a cross-sectional study 
among shift and non-shift workers in a combined 
cycle power plant exposed to extremely low 
frequency electric and magnetic fields was 
performed in [5]; increased stress was linked with 
exposure to ELF electromagnetic fields. This 
suggests that care must be taken to avoid lengthy 
and extreme exposure of the head where the nervous 
system is located to guard against neurological 
effects among the workforce, [31]. Since the 
bioelectric properties of the nervous system make it 
more vulnerable to the influence of the ELF 
magnetic field, [9].  

Pleural cavity located at the chest wall aids 
optimal functioning of the lung during breathing, 
[32]. The ELF magnetic field from high voltage 
lines causes ionisation of air emitting corona ions 
that get attached to several aerosol particles that 
pollute the air and are deposited in the lungs, [17]. 
The chronic exposure of the pleural cavity to the 
polluted air in the atmosphere has been suggested to 
influence the risk of lung cancer, asthma, 
inflammation, oxidative stress and alteration in the 
immune system, [32]. The principal causes of these 
effects are changes in melatonin secretion as a result 
of exposure to ELF magnetic fields. Since melatonin 
is an antioxidant and a scavenger of free radicals, 
the level of this hormone declines due to exposure, 
[9]. 

Studies also suggested that the prevalence cases 
of infertility among adults is linked to occupational 
exposure to ELF magnetic field and the hazard can 
affect the levels of reproductive regulating 
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hormones. Male reproductive system can be more 
sensitive and vulnerable to exposure to increased 
temperature that might lead to a reduction in 
testosterone levels, thereby affecting the sexual cells 
and sexual desire, [33], [34]. Studies in [8], [9], [35] 
reported that reproductive systems are susceptible to 
influence of ELF magnetic field especially the  
infertility potential in male by decreasing human 
sperm parameters such as motility, viability, 
inducing pathological changes in sperm and testes 
morphology. This in turn affects the quality of 
genetic materials and inability to retort to its original 
form and therefore, contribute to the well-being of 
baby during pregnancy. However, in some instance, 
it may result to high risk of miscarriage during 
pregnacy. 
 
 
5 Conclusion 
The intensity of the ELF magnetic field emitted by 
electrical infrastructures in transmission switchyard 
have been investigated through measurements, the 
exposure comparative analyses of difference of 
mean for locations to determine the statistically 
significant differences based on observation heights 
performed, the extent of induced electric field and 
current density evaluated through simulation and, 
the related health hazards from literature studies 
discussed.  

The findings show ELF magnetic field 
distribution in switchyards varies in values with 
respect to heights, spots, locations and hence, the 
induction on human. The region of the head at 
height 1.8 𝑚 was found to experience highest ELF 
magnetic field exposure with maximum recorded 
value in Shiroro switchyard at duration of the survey 
compared to other observation heights and 
locations. This value though far less than the 
occupational reference level of 1 𝑚𝑇 set by ICNIRP 
for personnel safety. Furthermore, the induced 
electric field and current density of 55 𝑝𝑉/𝑚 and 
350 𝑝𝐴/𝑚2 are the respective values obtained from 
the simulation in the same location. These values 
when compared to the basic restriction threshold of 
0.8 V/m and 10 mA/m2 by ICNIRP are insignificant 
to cause any adverse health hazards.  

These values recorded in this study at the time 
of the survey are not assurance of safety vicinity for 
workforce because there are instantaneous spot 
measured values of ELF magnetic field exposure in 
switchyards. However, it has uncovered existence of 
radiated field in the environment, highlighted 
potential future threats, and the need to prioritise 
close and continuous monitoring of magnetic field 

levels for the occupational safety of the workforce. 
Therefore, further study is recommended to be 
performed using a data logging meter for hourly 
values of fields in the switchyards to obtain 
comprehensive records of radiation in the 
environment. 
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Fig. 1: Maps showing the coordinates of the study locations  
Source: created by the authors 
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