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Abstract

Background and Objective: The mechanism of how extremely low-frequency magnetic fields (ELF-EMF) affect biological systems is still
notknown.In this paper, the possible health risk due to exposure to magnetic fields from electrical power substations within Southeastern
Nigeria is reported. Materials and Methods: Magnetic flux density readings are taken from five power substation switchyards. Using the
prolate spheroid model, the induced current density in the body and selected tissues due to the magnetic fields. Results: The maximum
values of the magnetic field and in the body were 15.04 uT and 0.13 mA m~2 as obtained from the 330 kV switchyard of substation 1. The
results also show that the stomach tissue is the most affected as it showed the highest value of current density for all the tissues sampled.
Conclusion: The results of the study are far lower than the ICNIRP reference levels for exposure to magnetic fields and induced current
density.
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INTRODUCTION

Many researchers investigated the association between
exposure to extremely low-frequency magnetic fields
(ELF-MF) in the workplace and risk due to this exposure to
certain diseases and disorders like brain tumours, infertility,
congenital defects, abortion and diseases to the central
nervous system'®. The International Agency for Research on
Cancer (IARC) classified ELF magnetic fields as potentially
carcinogenic (class 2B) to humans'?, thus, further highlighting
the growing danger of exposure to ELF magnetic fields
especially occupationally. Furthermore, the World Health
Organization (WHO), has reported that the exposure rate of
most studied subjects to the ELF magnetic field was less than
0.1 uT and a small percentage was higher than 0.3 uT™.

The mechanism of how extremely low-frequency
magnetic fields (ELF-EMF) affect biological systems is still not
known. Although, the formation of free radicals and oxidative
stress has been reported as one of the possible mechanisms'.
It has been reported that rats exposed to 10 mT ELF-EMF for
24 hrs/day for 7 days showed induced anxiety-like behaviour
through oxidative stress and increasing NO concentration in
the hypothalamus'?. Occupational exposure to ELF-EMF has
been reported to have a direct relationship with poor sleep
quality™. Recently, research studies have reported that long-
term exposure to magnetic fields can lead to increased
negative psychological effects among which are sleep
disorders, depression, paranoia, anxiety and psychosis in
employees that work at high voltage substations™ 415,

The ever increasing evidence of the risk of occupational
exposure to ELF magnetic fields have led to various regulatory
bodies setting up standard reference levels for exposure to
ELF-EMF. The most widely used of these standards is that of
the International Commission for Non-lonizing Radiation
Protection (ICNIRP)'™®'6, The reference level for occupational
exposure to the magnetic field is T mT, while the induced
current density has a reference value of 10 mA m~2 for 50 Hz
fields. These guidelines have been set up to help protect from
the adverse effects of exposure to ELF MFs especially
occupationally. So many countries still set up their regulations
concerning ELF MF exposure, although, unfortunately, none
exists in Nigeria.

When exposed to magnetic fields from substations,
currents are induced in the body which can cause various
effects on the nervous system'®. To the best of the author’s
knowledge, no study has been reported with regards to
induced current density due to occupational exposure to ELF
magnetic fields in Nigeria using the prolate spheroid model,
hence, the motivation for this study. This study aimed to
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assess the possible health risk due to exposure to magnetic
fields from electrical power substations located in
southeastern Nigeria and to consequently deduce the
resulting induced current densities due to this exposure.

MATERIALS AND METHODS

Studyarea: The studyareais the south-eastern part of Nigeria.
The study was carried out in three power substations in the
two states of Abia and Imo. The study was carried out for a
period of four months, between September to December,
2020.

Measurement of magnetic field: To measure the magnetic
fields from the lines, The TENMARS magnetic field meter,
model number TM-191, made in Taiwan by TENMARS
Electronics Co., Ltd., was used for the measurement of
magnetic flux density. It is an easy-to-carry device of
130X56X38 mm dimensions and 170 g weight which is
designed to be used to measure safely magnetic flux density.
Itis a 3-liquid crystal display (LCD) equipped with a single axis
sensor for measurement in one direction with a maximum
reading of 1999. It measures magnetic field in units of uT or
mG with a measuring range of 20/200 uT with a resolution of
0.01/0.1uT and a sampling rate of 2.5 per second. Itis powered
by a 9V alkaline battery with an approximate life of 100 hrs.

Each measurement was taken over a short period. All
readings of magnetic flux density were taken by placing the
meter at T m above the ground, positioned facing the source
of field and held steady during the measurement to avoid the
display of excess field value that does not reflect the actual
field condition, which is caused by electrostatic charges.
Readings of magnetic flux density were taken at specific
points within the switchyard of the substations at the base
(directly underneath) the point where the reading is to be
taken and facing the meter sensor upward. Readings within
the switchyard were taken from breakers, bus bars, feeders
and at a point approximately at the middle of the yard. An
average of these values is then evaluated. All readings were
taken between the hours of 12-3 pm and at a time when the
substations are functioning at their full capacity to capture
peak loads. All the B values are compared to ICNIRP reference
levels.

Electric power substations: Three substations were studied,
comprising a total of five switchyards of varying capacity.
The transmission company of Nigeria (TCN) transmission
substation located at Egbu, Owerri North LGA of Imo state was
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Fig. 1: Ahuman and its prolate spheroid model in an external
magnetic field. The major axis of the prolate spheroid
is 2a and the minor axis is 2b"’

studied (GPS coordinates 5.481065, 7.061016). The station
comprises two switchyards-132 kV and 33 kV and eight 33 kV
feeders that supply to various parts of the state. The TCN
substation located at Alaoji, Aba, Abia state (GPS coordinates
5.067291, 7.321270) is the largest power substation in the
South-Eastern part of Nigeria. Measurements were taken from
the 132 kV and 330 kV switchyards within the station
comprising of four and three operational feeders, respectively.
One 11 kV Enugu Electricity Distribution Company (EEDC)
injection substation (GPS coordinates 5.478107,7.043938) was
studied and located at Egbu road, Owerri, Imo state.

Induced current density: To obtain the induced current
density, the prolate spheroid model was used. The prolate
spheroid model is a model used to investigate the biological
effects of electric and magnetic fields on humans. This model
is used in approximating the interaction of the human body
with electricand magnetic fields. A prolate spheroid model of
a human in a magnetic field is presented in Fig. 1"7.

The current density induced by the magnetic field is
dependent on the larger loop, so it is maximum at the prolate
spheroid surface (the largest loop) corresponding to “r = b”
(max radius of the spheroid). In another study', the author
derived an equation for the current density induced by a
magnetic field on a prolate spheroid. The equation for
obtaining the highest value for the current density, J, at the
surface of the prolate spheroid in a horizontal magnetic field
of magnitude, B, is given by Eq. 1:

Q)

J=-j2nfcbB,
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where, f, b, By, o are respective frequency, the minor axis of the
spheroid, external magnetic field and tissue conductivity.
Tissue conductivity of 0.2 Sm~"was used in calculations in this
study. The appropriate value for the minor axis of the
spheroid, b, when modelling the human body is 0.14 m.

RESULTS

Magnetic flux density and induced currents from the
substations: The results of the study are summarized in
Table 2-6 showing the values of the magnetic field (flux
density) from the substations sampled in this study and the
corresponding calculated values of the induced current
density in the body due to these fields. The magnetic flux
density is the amount of magnetic flux through a unit area of
the body or an organ taken perpendicular to the direction of
magnetic flux. Its unit is micro Tesla (uT). The induced current
density gives a value of the electrical current induced by the
magnetic field exposure within the body or an organ per unit
area. Its unit is milli Ampere per square meter (mA m=2).

Substation 1: In Table 1, the values of magnetic flux, B and
induced current densities, J for substation 1 are presented. The
values of B range between 0.22-15.04 uT and the range of J is
between 0.002-0.132 mA m~2. The highest recorded values in
the 330 kV switchyard of the station are 15.04 uTand
0.13 mA m~2, respectively for B and J, in the middle of the
switchyard, representing 32% of the exposure, while the
lowest values are 0.23 uT and 0.002 mA m=2, from the
busbar 1. The average values recorded are 5.804 uT and
0.051 mA m~2 For the 132 kV switchyard, the highest values
are 4.62 uT and 0.041 mA m=2 for B and J on busbar 1,
representing 32% of the exposure. The lowest recorded
values of B and Jare in the 132 kV switchyardare0.22 uT and
0.002 mA m~2 representing a negligible percentage of the
exposure. The average recorded values are 1.825 uT and
0.016 mA m~2for B and J, respectively.

Figure 2 and 3 show, respectively the percentage of
magnetic flux, B and induced current density, J concerning
each component/position within the 330 and 132 kV
switchyards of substation 1. It can be seen that exposure is
greatest at the middle of the switchyard (15.04 uT and
0.13 mA m=2) for workers working within the station,
representing 32% of the exposure for the 330 kV switchyard.
For the 132 kV switchyard, the highest exposure percentage
is 32% on the busbar 1.

Substation 2: Table 2 gives the readings of the magneticfield,
B in uT as taken from substation 2 located at Egbu, Owerri,
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Fig. 2: Percentage of B and J values for each component/position of the 330 kV switchyard of substation
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¥ Breaker (upper terminal)
M Breaker (lower terminal)
M Middle of the switchyard
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[ Owerri 2 feeder
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Fig. 3: Percentage of B and J values for each component/position of the 132 kV switchyard of substation 1

Table 1: Values of B (Average=®SD) and J from substation 1 (Alaoji substation)

Position/Components B (uT) J(mMAm)
330 kV Switchyard

Busbar 1 0.23 0.002
Busbar 2 0.26 0.002
Breaker 1 0.71 0.006
Breaker 2 1238 0.109
Middle of the switchyard 15.04 0.132
Onitsha feeder 14.46 0.127
NIPP line 1 feeder 1.58 0.013
NIPP line 2 feeder 177 0.015
Average 5.804+6.817 0.051
132 kV Switchyard

Busbar 1 4.62 0.041
Busbar 2 1.84 0.016
Breaker (upper terminal) 2.1 0.019
Breaker (lower terminal) 1.27 0.011
Middle of the switchyard 0.49 0.004
Owerri 1 feeder 2.58 0.023
Owerri 2 feeder 147 0.013
Umuahia 1 feeder 0.22 0.002
Average 1.825£1.376 0.016
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Imo state and calculated values of induced current density,
Jin mA m~2 for both the 132 and 33 kV switchyards of the
station. The values of B for this substation ranges from
0.06-6.45 uT and the values for J ranges between
0.001-0.057 mA m—2. As observed in Table 2, for the 132 kV
switchyard, the maximum values of Band J are, respectively
6.45 uT and 0.057 mA m~2 as recorded at the middle of the
switchyard, representing 41% of the exposure as can be
seen in Fig. 4. The lowest recorded values are 0.94 uT and
0.008 mA m~2 from the busbar 1, representing 6% of the
exposure. The average values of B and J are 3.144 uT and
0.028 mA m~2, respectively for the 132 kV switchyard. For the
33 kV switchyard, the highest values of B and J recorded
are2.85 uT and 0.025 mA m~2 from the Okigwe feeder,
representing 27% of the exposure as can be observed in
Fig. 5. The lowest values recorded are 0.06 uT and
0.001 mA m~2 for B and J, respectively from the busbar 1,
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Busbar 1
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Fig. 4: Percentage of B and J for each component/position of the 132 kV switchyard of substation 2
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Fig. 5: Percentage of B and J for each component/position of the 33 kV switchyard of substation 2

representing a negligible percentage of the exposure as
seen from Fig. 5. The average values of the B and J are
respectively given as 0.806 uT and 0.007 mA m~2for the 33 kV
switchyard.

Substation 3: Table 3 gives the readings of magnetic field, B
as taken from 11 kV, Enugu eElectricity Distribution Company
injection substation 3 located at Egbu road, Owerri, Imo state
and calculated values of induced current density, J. It can be
seen that the values of B range between 0.57-3.24 uT, while
the values of J range from 0.005-0.029 uT. The highest
values of Band J were recorded on the outgoing 33 kV
breaker as 256 uT and 0.023 mA m=2 respectively,
representing 13% of the exposure as is observed from Fig. 6,
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while the lowest values were located at the middle of the
switchyards 0.57 uT and 0.005 mA m~2 representing 2% of the
exposure. The average values of B and J are recorded as 1.783
uT and 0.016 mA m~2 respectively.

Induced current density in various human tissues due to
exposure to the magnetic field within power stations:
Table 4 presents the tissue conductivities of the brain, heart,
stomach, bones and lungs. Table 5, 6 and 7 show calculations
using the prolate spheroid model are made of the induced
current density in the brain, heart, stomach, bones and lung
tissues due to exposure to the magnetic field for different
substations using the average magnetic field values measured
within the station switchyards.
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Fig. 6: Percentage of B and J for each component/position of the 11 kV injection power substation 3

Table 2: Values of B (Average*SD) and J from substation 2 (Egbu substation)

Position/Components B (uT) J(mMAmM?)
132 kV switchyard

Busbar 1 0.94 0.028
Busbar 2 336 0.029
Breaker (upper terminal) 2.02 0.017
Breaker (lower terminal) 2.95 0.026
Middle of the switchyard 6.45 0.057
Average 3.1441+2.069 0.028
33 kV switchyard

Busbar 1 0.06 0.001
Busbar 2 042 0.004
Breaker (upper terminal) 0.29 0.003
Breaker (lower terminal) 0.18 0.002
Middle of the switchyard 0.65 0.006
Oguta 1 feeder 1.31 0.012
New Oguta feeder 0.67 0.006
Orlu feeder 174 0.015
Owerri 2 (airport) feeder 0.53 0.005
Owerri 3 feeder 1.06 0.009
Mbaise feeder 0.17 0.002
Okigwe feeder 2.85 0.025
Alex feeder 0.55 0.005
Average 0.806+0.781 0.007

Substation 1: Table 5, the results of the induced current
density for the selected tissues from substation 1 are given.
The values range from 0.004-0.133 mA m=2. In the 330 kV
switchyard, the stomach tissue has the highest induced
current density of 1.133 mA m~2, while the bone tissues have
the lowest value at 0.013 mA m=2 Similarly, in the 132 kV
switchyard, the stomach tissues show the highest current
density values at 0.042 mA m~2, while the lowest value was
observed for the bone and brain tissues at 0.004 mA m—2.
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Substation 2: Table 6, the results of the computed values of
the induced current density for selected tissues for substation
2. The values obtained ranged from 0.002-0.072 mA m=2 In
the 132 kV substation, the induced is highest in the stomach
tissues at 0.072 mA m—2, while the lowest value was recorded
in the bone and brain tissues at 0.007 mA m=2, In the 33 kV
switchyard, the stomach also recorded the highest value of
0.018 mA m~2and the lowestvalue is from the brain, bone and
lung tissues at 0.02 mA m—2,



J. Appl. Sci, 22 (4): 187-195, 2022

Table 3: Values of B (Average=®SD) and J from 11 kV injection substation 3

Table 7: Induced current densities to selected tissues of the human body for

Position/Components B(uT) J(MAmM? substation 3

Busbar 2.02 0.018 Switchyard Tissues J(MAmM™?)
Outdoor breakers (incoming) 11 kv Brain 0.004
Breaker 1 for *TR1 (33 kV) 2.56 0.023 Heart 0.006
Breaker 2 for *TR2 (33 kV) 232 0.020 Stomach 0.041
Middle of switchyard 0.57 0.005 Bones 0.004
Outgoing breaker (33 kV) 324 0.029 Lungs 0.005
Indoor breakers (outgoing)

Breaker 1 for *TRT (11 kV) 08 0.007 stomach tissue at 0.041 mA m=2 and the lowest value is
Breaker 1 for *TR2 (11 kV) 161 0.014 L

Indoor breaker 077 0.007 recorded by the bones and brain tissues at 0.004 mA m=2
Incomer 1 297 0.026

Incomer 2 0.97 0.009 DISCUSSION

Naze feeder 318 0.028

New Owerri feeder 1.6 0.014

Township feeder 081 0.007 The measurement of the magnetic flux density and the
GRA feeder 154 0014 corresponding calculated induced current density for the
Average 1.783+0.946 0.016

*TR: Transformer

Table 4: Tissue conductivities of selected human tissues at 50 Hzfora 1.75 m tall

human'
Tissues Conductivity (Sm™)
Brain 0.0533
Heart 0.0827
Stomach 0.5210
Bones 0.0504
Lungs 0.0684

Table 5: Induced current densities to selected tissues of the human body for
substation 1

Switchyard Tissues J(MAmM?)

330 kv Brain 0.014
Heart 0.021
Stomach 0.133
Bones 0.013
Lungs 0.017

132 kv Brain 0.004
Heart 0.007
Stomach 0.042
Bones 0.004
Lungs 0.005

Table 6: Induced current densities to selected tissues of the human body for
substation 2

Switchyard Tissues J(MAmM™?)

132 kv Brain 0.007
Heart 0.011
Stomach 0.072
Bones 0.007
Lungs 0.009

33 kV Brain 0.002
Heart 0.003
Stomach 0.018
Bones 0.002
Lungs 0.002

Substation 3: The computed values of the induced current
densities of the stomach, heart, lung, brain and bone tissues
are given in Table 7 for substation 3. The values range from
0.004-0.041 mA m~2. The highest value was recorded for the
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study using the prolate spheroid model has given significant
insight into the level of exposure that electricity workers at
substations within the southeast of Nigeria are exposed to.
The results have shown that the exposure and corresponding
health risks due to these exposures increase significantly as
the substation capacity increases. Thatis to say, higher voltage
substation workers are more at risk from the exposure than
lower voltage substation workers as demonstrated by the
results since substation 1 has the highest values of both the
magnetic field and induced current density, followed by the
substation 2 and then substation 3. This trend also follows the
trend of their sizes as substation 1 is the largest, followed by
2 and then 3. The highest values of the magnetic flux and
induced current density for the whole study were recorded in
the middle of the 330 kV switchyard of substation 1, which is
the largest. The values recorded were significantly lower than
the ICNIRP reference levels of 1 mT for B'® and 10 mA m=2for
J° In comparison with the literature, this value for the
magnetic field in this study is lower than the maximum value
of 18 uT reported by Ozen', even though they are in the same
range. Also, Rahman et a/?, reported a much higher value of
55.84 uT for the 11/0.4 kV substation. Also, a maximum value
of 70 uT has been reported for the 154/34.5 kV power
substation?'. For the 220 kV substation, significantly higher
values of the magnetic flux have been reported (356.8 uT)%. It
should be noted that in all of these studies, none reported the
induced current density values and thus, no comparisons are
made. This result implies that the workers in substation 1 are
at greater risk due to exposure to non-ionizing radiation from
magnetic fields.

In substation 2, the health risk due to exposure to
magnetic fields is much less as the values of B and J are lower
and with a lower average value than substation 1. However,
the part of the switchyard with the most risk of exposure and
damage to health is the middle of the switchyard as in
substation 1. Thus, workers are advised to spend less time in
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the middle of the switchyard and other high voltage areas
within the station. It should be noted that the recorded for this
station are very well below the ICNIRP reference'®'s, The
highest value recorded for this substation is much lower than
the values reported in the literature'®22 as previously pointed
out.

The lowest values of magnetic flux density and induced
current density have been recorded in substation 3 which is
the smallest substation in terms of voltage and capacity.
However, the middle of the switchyard is not the most prone
to exposure as reported in stations 1 and 2. The place with the
most health risk due to exposure is the area near the breakers
as indicated by the highest values of Band J in these areas for
the substation. The difference between substation 3 and
substations 1 and 2 is a difference in configuration and
capacity since 1and 2 have similar configuration and capacity.
These values recorded in this substation are very well below
the ICNIRP reference'®'® and also significantly below the
literature values'2,

Using the average values of magnetic flux density from
the switchyards of the various stations, the induced current
density due to exposure of the heart, brain, lung, stomach and
bone tissues are computed from the values of their tissue
conductivities using the prolate spheroid model. As would be
expected, the values obtained for these tissues are highestin
substation 1, followed by substation 2 and substation 3. The
implication of this is that the heart, lung, stomach, brain and
bone tissues of people who work at higher voltage substations
is more exposed to the adverse health risk from non-ionizing
radiation in the form of magnetic fields than those working in
low voltage substations. For all the substations, it is seen from
the values of the induced current density that the stomach is
the most affected tissue, i.e., it is the most exposed to the
effect of the magnetic field. Thus, of all the selected tissues,
the stomach should be the most protected by electricity
workers. These results are in line with the results presented
by Manel” which is the only recent study in the literature
where these tissues have been used in the context of
non-ionizing radiation from magnetic fields.

Itisimportant to state that even though the results of this
study are below the reference level of the ICNIRP, the health
risk to humans becomes more significant, particularly for long
term exposure mostly for those living near these power lines
and substations'’?'?3, In comparison to the values reported
for transmission power line?*?, the maximum value of the
induced magnetic flux density for this study are much higher.
This implies that the health risk due to exposure from power
lines is less compared to the exposure in a substation. Thus,
occupational exposureis higher than general public exposure,
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thus, confirming the accretion by Orji et a/™°. The values of
induced current density due to the magnetic fields in this
study are lower than the levels that could cause significant
biological effects in humans. People living near the 11 kV and
33 kV lines are at the least risk health-wise. It should be noted
that the maximum values reported for this study for the 330,
132 and 33 kV lines are higher than 1 uT, which should be a
source for concern as it has been reported that there is an
association between long-term exposure to ELF magnetic
fields (1 uT) and risk of Leukemia in children?. Thus, measures
must be taken to mitigate the level of exposure to these fields
even though they are low.

CONCLUSION

The occupational exposure to the magnetic field from
power substations and the resulting induced currents in the
human body and selected tissues have been assessed in this
study. The study has shown that workers in very high voltage
power substations are more exposed to the magnetic fields
and their health effects than those in lower voltage power
substations. It has also been shown that the tissue most
susceptible to the adverse effect of this exposure is the
stomach which showed higher values of the induced current
than other users in the study tissues. The results of the study
have shown that the level of exposure to magnetic fields and
induced current density in the substations studied is far lower
than the ICNIRP reference levels for exposure to magnetic
fields and induced current density. This should not be
however overlooked as long-term exposure could prove
dangerous to those exposed. Thus, more has to be done to
protect electricity workers, especially those who do most of
their work within the switchyards of power stations from the
adverse effect of exposure to magnetic fields from
transformers and other electrical components within the
switchyard by providing them with better insulating
equipment and personal protective equipment, specifically
those that can attenuate magnetic flux.

SIGNIFICANCE STATEMENT

This study discovered that occupational exposure to
magnetic fields within the selected power substations in
south-eastern Nigeria is reasonably lower than the world
standard but still of serious concern due to the potential
health risks from long term exposure as a result of induced
current densities from these fields. It will be beneficial for
more such studies to be carried out within the country so that
a national baseline can be set for occupational exposure to
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these fields. This study will serve as a springboard to further
research in this area, especially within Nigeria and will equally
serve as a tool for policymakers to assist them in making
policies that safeguard the electricity workers and general
public mitigate the potential dangers to health due to
exposure to magnetic fields from electrical powerinstallations.
Furthermore, it will serve as a useful template for other
researchers to carry out research in this area.

10.
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