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Abstract

Background: Electrification of transport systems currently deserves top priority in Iran. Such systems generate a magnetic field in
static or extremely low frequency ranges. Therefore, train drivers may be exposed to these fields occupationally.
Objectives: The current study aimed to measure the intensity of static magnetic field (SMF) and extremely low frequency magnetic
fields (ELF-MF) in the subway trains of Tehran City in different train types and situations to show drivers’ exposure to SMF and ELF-MF.
Methods: Two AC and DC trains were randomly selected from lines 1 and 2, one AC train from line 4, and two ACi trains from line 5.
The SMF and ELF-MF levels were measured based on BS EN 50500:2008 and recommendations in other studies using TES-1394 (ELF-
MF meter) and HI-3550 (SMF meter). Ceiling values of ELF-MF and SMF were used for assessment of train driver’s exposure. One-way
ANOVA, with Tukey post hoc test, and independent sample T-test were used for data analysis.
Results: Maximum SMF and ELF-MF exposures were 0.52 mT (at DC trains- in trip situation) and 7.90 µT (at ACi trains- in trip sit-
uation), respectively, and the minimum exposures to SMF and ELF-MF were measured among the drivers of ACi (< 0.1 mT- in all
situations) and AC trains (0.08 µT- in acceleration situation), respectively.
Conclusions: As the obtained results suggest, in none of the situations, exposure of train drivers to ELF-MF and SMF exceeded the
threshold limits recommended by ACGIH. However, the effects of these fields should not be ignored because different studies have
reported adverse health consequences of these fields.
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1. Background

Electrification of transport systems currently deserves
top priority in Iran. Regardless of the fact that all types
of vehicles are exposed to external electromagnetic fields
(1-3), electric transportation systems, due to their design
and the use of electric fuel, can generate an additional sig-
nificant magnetic fields (MF). In urban rail transit system,
propulsion motors are electrical, of alternating current
(AC) or direct current (DC) types. Accordingly, the power
supply could also be AC or DC (4). Such systems generate
static magnetic field (SMF) and extremely low frequency
magnetic fields (ELF-MF). Steady electric or magnetic fields
are called ‘static’ that means they do not fluctuate over
time (5). Extremely low frequency is in the range of 3 to 300
Hz (6). A number of studies have warned about the health
effects of exposure to MF in rail transit. The most com-
monly reported of which include a 3-fold increased risk

for chronic lymphocytic leukemia in engine drivers (7),
double incidence rate of chronic and acute lymphocytic
leukemia in engine drivers and conductors compared to
the average Swedish male population (8), altering the uri-
nary 6-hydroxymelatonin sulfate excretion (9), increased
risk of sudden cardiac death (10), and cardiovascular mor-
tality (11). Exposure to MF induced by electrified public
transport has been the center of concern in different coun-
tries such as Malaysia (12), Russia (13, 14), Italy (15), and Aus-
tralia (4).

Halgamuge et al. measured the electromagnetic fields
emitted by trams, trains, and hybrid cars in Australia. The
average of minimum and maximum MF was measured at
various locations inside the vehicles. According to their re-
sults, minimum ELF-MF values were 0.6, 0.01, 1.5, 0.5, and
0.3 mG measured at rear floor, middle floor, front floor,
driver side seat, and above the train drivers’ cabin, respec-
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tively, while maximum values in these places were 3.60,
8.70, 8.30, 4.70, and 5.50 mG, respectively (4).

In the study of Dietrich and Jacobs (16), ELF-MF was
measured in different types of electric vehicles. They re-
ported average ELF-MF of 6 mG in electric car and light
trunk, 14 mG in jetliner and shuttle tram (AC Electric), 20
mG in electric shuttle bus, and 49 mG in commuter train
(AC Electric). In a research on Italian railway industry, max-
imum SMF and ELF-MF values were measured at the driver’s
cabin of either AC or DC trains. They categorized the AC
trains to A and B and DC trains to D and E. Based on their
results, in the DC system, alternating and static magnetic
fields were 20 and 80 µT in train A and 4 and 160 µT in
train B, respectively, while in the AC system, alternating
and static magnetic fields were 9.31 and 100 µT in train E
and 5.46 and 120 µT in train F, respectively (15).

After about 20 years of establishment of Tehran sub-
way, no occupational assessment has been conducted on
drivers’ exposure to ELF-MF and SMF. In addition, over the
world, limited studies have assessed ELF-MF and SMF in dif-
ferent train types and situations. This study indicates the
details of drivers’ exposure to MF. Therefore, the current
study aims to measure the intensity of SMF and ELF-MF in
the subway trains of Tehran city in different train types and
situations and shows drivers’ exposure to SMF and ELF-MF.

2. Methods

2.1. Study Area

The study area was the Tehran subway. In order to mea-
sure MFs, in the first step, the basic data on train types, rail-
way stations, train arrivals and departures, places of rail-
road switch, and work shifts of train drivers were gathered
from Tehran urban and suburban subway operation com-
pany (TUSROC). According to the TUSROC and field visits,
the subway system consists of 5 lines among which, line 5
extends outside of the city and joins the subway line of the
next city, Karaj. The power supply of lines 1, 2, and 4 is a
third rail while line 5 operates with overhead power sup-
ply. There are three types of trains in the sub-way system,
including AC and DC in-city trains and AC intercity trains.
Either AC or DC trains are travelling at the all railway lines,
except for line 4, which offers transport services only with
trains of AC type. Power supply of AC trains is 750 V DC
nominal current. An inverter transforms 750 V DC power
into 380 V AC (30 - 300 Hz) for the engine of the trains.

In DC trains, electricity is supplied from a third rail car-
rying a nominal 750 V DC current and directly used for mo-
tor traction. In intercity AC (ACi) trains, electricity is sup-
plied from 25 kV (50 Hz) overhead lines. In this research, 3
AC (from lines 1, 2, and 4), 2 DC (from lines 1 and 2), and 2 ACi

trains (from line 5) were randomly selected and the trains
ID was recorded.

2.2. Instruments

In the current study, a TES-1394 (Electrical Electronic
Corp) with frequency range of 30–2000 Hz was used to
measure ELF-MF. This instrument is a triaxial device ELF-MF
meter, with sampling time of less than 1 s. The TES-1394 is
useful for measuring magnetic fields up to 200 µT with
a measurement accuracy of ± 5%. The HI-3550 Magnetic
Field Monitor (Holaday Industries, Inc.) was also used to
measure SMF. The measurement range of HI-3550 was 0.1 to
300 mT with a measurement accuracy of ± 10%. The sam-
pling time of HI-3550 was 3 seconds.

Atomic energy organization of Iran, non-ionizing radi-
ation part, calibrated both devices and reported no corre-
lation factor for the devices.

2.3. Measurement Procedures

The SMF and ELF-MF levels were measured for each
train (including 3 AC, 2 DC, and 2 ACi trains) in for-
ward/return trips during peak/none-peak hours. The mea-
surements were done when the trains were in trip, be-
tween stations (3 stations), during breaking or decelera-
tion (3 breakings), during traction or acceleration (3 trac-
tions), and during railroad switching (2 for each forward
and return trip). Based on the BS EN 50500:2008 rec-
ommendations, the measurement of railway environment
magnetic fields levels with respect to human exposure in a
cabin shall be carried out close to the sources of emission
of the trains where workers usually can be in normal oper-
ating conditions of train and appliance at the driver seat.
The horizontal measuring distance to the walls and appli-
ance was 0.3 m, at least (17). Therefore, all measurements
were done at the height of about 1 m from the cabin floor, in
the nearest point to the driver. For better results, measure-
ments were carried out with three replications in 3-second
intervals. The minimum, maximum, and average values
were recorded for each measurement time. The mean SMF
and ELF-MF values were taken for the compartments of the
trains.

2.4. Exposure Assessment

Generally, about 1200 drivers worked five days a week
in 3 different shifts (from 5 a.m. to 11 p.m.). Normally, shifts’
length was 8 hours, but they did not work full time in a
shift, and there were two 30-minute breaks. Usually, the
driver in the master cabin derived and controlled by the
train. Drivers were spending about 90% of their working
time in each shift in there (about 7 hours).
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ACGIH has established threshold limit values (TLV) for
occupational exposure to SMF and ELF-MF. According to
the threshold TLVs for SMF (Whole body ceiling exposure
limit: 2 T) and ELF-MF (Whole body ceiling exposure limit in
60 Hz for ACGIH: 1 mT), occupational exposure assessment
should be based on the maximum exposure value (ceiling
value) (6).

2.5. Data Analysis

Data analyses were conducted using SPSS Ver. 14 soft-
ware. An analysis of variance (one-way ANOVA) with Tukey
post hoc test was used for comparison of ELF-MF and SMF
values in AC, DC, and ACi trains. In addition, this test was
applied to compare ELF-MF values in various types of trains
in different situations. Moreover, an independent sample
T-test was used for comparison of SMF values in various
types of trains in different situations.

3. Results

Table 1 shows minimum, maximum, mean, and stan-
dard deviation (SD) of ELF-MF and SMF in driver’s cabin at
different situations of acceleration (traction), in-trip (with
almost constant-speed motion), deceleration (at braking
times), and rail switch.

Maximum SMF was 0.5 mT measured in DC trains while
the minimum SMF of < 0.1 mT was found in ACi trains. Max-
imum and minimum ELF-MF values were 7.90 µT and 1.87
µT measured in ACi and DC trains, respectively.

According to the results, maximum and mean values
of ELF-MF in ACi trains (the highest amount) were respec-
tively 7.90 and 2.53µT measured in trip situation. However,
in DC trains, maximum and mean ELF-MF values (the high-
est amount) were respectively 1.87 and 0.46 µT measured
at the time of acceleration. Furthermore, maximum and
mean SMF values (the highest amount) in AC trains were re-
spectively 0.35 and 0.14 mT measured during acceleration;
while in DC trains, the values were 0.52 and 0.12 µT mea-
sured respectively in trip and at the time of acceleration.

Table 2 compares maximum SMF and ELF-MF values in
AC, DC, and ACi trains during acceleration, in-trip, deceler-
ation, and rail switch situations.

As observed in the Table 2, there is a significant differ-
ence between the ELF-MF values of AC trains in trip and rail
switch modes (P = 0.004). In DC trains, ELF-MF shows a sig-
nificant difference in none of the measurement situations.
There was also a significant difference between ELF-MF val-
ues of ACi trains during acceleration and deceleration (P
= 0.002) as well as in rail switch (P = 0.003). The results
also confirm a significant difference between ELF-MF val-
ues during trip and rail switch (P < 0.001) and at the time

of trip and deceleration situations (P < 0.001). The SMF val-
ues showed a significant difference between all the mea-
surement situations, except for between acceleration and
in-trip. In DC trains, the SMF values were statistically differ-
ent between situations of acceleration and rail switch (P =
0.021), in-trip and deceleration (P = 0.028), and in-trip and
rail switch (P = 0.008).

Table 3 provides a comparison between the maximum
SMF and ELF-MF values in various types of trains while ac-
celeration, motion, deceleration, and rail switch (Table 3).

Comparing AC and DC trains, a significant difference
was found only in rail switch situation (p=0.006). ELF-MF
values in AC and ACi trains showed a significant difference
in all the measurement situations. It was also significantly
different between DC and ACi trains in acceleration (P <
0.001) and in-trip (P < 0.001) situations.

Although the p-value was 0.06, the SMF showed no sig-
nificant difference between AC and DC trains in different
measurement situations.

The SMF values of AC and DC trains showed no signif-
icant difference in all the measurement situations, except
for in deceleration and rail switch (P = 0.06).

Table 4 compares maximum SMF and ELF-MF values be-
tween different types of the trains. The comparison is just
based on maximum MF values regardless of different mea-
surement situations.

The ELF-MF values were statistically different between
ACi and AC trains (P < 0.001) as well as between ACi and DC
trains (P < 0.001).

4. Discussion

The present study compares the intensity of ELF-MF
and SMF of in-city and intercity trains at different situa-
tions. The measurement results reveal drivers’ exposure
to ELF-MF and SMF at the workplace. According to the re-
sults, maximum SMF was 0.52 mT measured at DC trains.
This can be attributed to the type of engine in DC trains,
because the engine of this type of trains directly uses 750
V DC for traction. Furthermore, maximum ELF-MF was 7.90
µT reported from ACi trains. This may be due to the type
of engine, type of locomotive power (overhead power lines
instead of third rail), and the speed difference between the
two types of in-city and intercity trains that leads to the dif-
ference in energy consumption (12). It is noteworthy that
there was no possibility to measure the magnetic fields
near the engine because the engine of intercity trains was
in a closed chamber in the rear of the locomotive. There-
fore, all the measurements were done at the driver’s cabin.
For this reason, the measured SMF at these trains was < 0.1
mT. It seems that the drivers’ exposure is < 0.1 mT as the
lowest measurable amount of HI-3550 device. However, the
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Table 1. The Intensity of ELF-MF (µT) and SMF (mT) in Different Trains and Situations

Acceleration In trip Deceleration Switching Total mean (SD)

Min Max Mean (SD) Min Max Mean (SD) Min Max Mean (SD) Min Max Mean (SD)

AC ELF-MF (n = 132) 0.08 1.37 0.43 (0.3) 0.18 5.24 0.66 (0.91) 0.16 1.30 0.47 (0.31) 0.14 0.33 0.20 (0.05) 0.42 (0.53)

SMF (n = 132) < 0.1 0.35 0.14 (0.06) < 0.1 0.33 0.12 (0.07) < 0.1 0.17 0.08 (0.05) < 0.1 < 0.1 < 0.1 (< 0.1) 0.08 (0.075)

DC ELF-MF (n = 88) 0.11 1.87 0.46 (0.33) 0.12 0.83 0.27 (0.13) 0.20 0.93 0.38 (018) 0.19 0.37 0.27 (0.04) 0.34 (0.22)

SMF (n = 88) < 0.1 0.30 0.12 (0.06) < 0.1 0.52 0.11 (0.10) < 0.1 0.26 0.04 (0.07) < 0.1 0.12 0.02 (0.05) 0.07 (0.086)

ACi ELF-MF (n = 88) 0.63 5.17 2.10 (1.31) 0.33 7.90 2.53 (2.23) 0.12 1.53 0.47 (0.34) 0.16 1.53 0.38 (0.31) 1.36 (1.67)

Abbreviation: n, Number of repeated measurements of SMF and ELF-MF.

maximum exposure to ELF-MF was measured among the
drivers of these trains. The results also showed that in none
of the trains or states, drivers’ exposure exceeded the rec-
ommended limits. In a research by Contessa et al. in Italy,
AC and DC trains were compared in terms of the level of
electromagnetic fields. They found that at a height of 1 m
from the floor of the driver’s cabin, the maximum ELF-MF
and SMF values were 9.31 µT and 0.12 mT in AC trains and
4 µT and 0.16 mT in DC trains, respectively (15). Study of
Halgamuge et al. reported that maximum values of ELF-
MF in AC trains at rear floor, middle floor, front floor, driver
side seat, and above the train drivers’ cabin were 3.60, 8.70,
8.30, 4.70, and 5.50 mG, respectively (4). In addition, the re-
search of Ptitsyna et al. reported maximum ELF-MF of 44
µT in AC locomotives. In addition, they reported SMF of 0.4
mT in DC-powered transport systems (14). These results are
in line with the findings of the current study presented in
Table 1. According to other study findings, the measured
ELF-MF and SMF in different types of trains did not exceed
the ACGIH-TLV. This was also confirmed by the results of the
present study.

In the current research, maximum values of ELF-MF
and SMF were reported from AC and DC trains, respectively.
This is in line with the findings of Nakagava and Koana
(1993) indicating that maximum ELF-MF and S MF in AC
trains were respectively 0.2 - 150 µT and 0.1 - 4 mT, and
in DC trains were 0.5 - 5 µT and 0.05 - 0.2 mT (18). Their
results showed that ELF-MF in AC trains was higher than
that of DC trains. Nevertheless, DC trains did not show
higher rates of SMF compared to AC trains. Although in
their study, the ELF-MF and SMF values were higher than
those of the present research were, the amounts still did
not exceed the recommended occupational limits. More-
over, Ptitsyna et al. found that SMF is the major portion of
the MF encountered on board Russian DC powered trans-
port systems rather than AC locomotives (14). However,
the SMF values in Ptitsyna et al. and Nakagava and Koanas’
research and other relevant studies were ten times the
amount of the background level (30 to 60 µT (19)). In a
study conducted on intercity trains in London, the aver-

age SMF was measured as 200 µT in the driver’s cabin, 16
- 64 µT in passengers’ wagon, and 1 mT at the height of
the seat and on the floor (1). They revealed that when the
measurement height changed, the SMF also raised signifi-
cantly so that the SMF on the floor was several times higher
than the SMF at the seat height. This change can be at-
tributed to the rapid changes in magnetic fields along the
trains. In a study on AC trains by Ptitsyna et al. it was re-
ported that the magnetic flux density in acceleration mode
is higher than that of deceleration and zero-current status
(16.7 Hz). They also showed that the magnetic flux density
changes in situations of switching, acceleration, and brak-
ing. This change is progressive in acceleration mode and
descending at the time of braking (2). Another study mea-
sured maximum SMF of DC train when passing substations
(in the trips) (14). Moreover, Halgamuge et al. reported
that magnetic field strength varies with the speed of trains
(4). The results in Table 2 confirm these ascending and de-
scending changes while acceleration and breaking in AC
and ACi trains. As Table 2 suggests, magnetic flux density
at the times of acceleration and breaking showed a signifi-
cant difference in AC (P < 0.001) and ACi trains (P < 0.002).
In the same study as well as in the research by Farag et al.
(2003) (10), it was revealed that the magnetic flux density
also increases with increasing speed. The speed difference
is also observed in in-city and intercity trains of Tehran City.
Intercity trains, due to their higher speed, use more energy
and in consequence had greater ELF-MF compared to in-
city trains. Since the lowest measurable value by HI-3550
magnetic field monitor is 0.1 mT, in some spots with lower
magnetic fields, the measured values were recorded as <
0.1.

As the obtained results suggest, in none of the situa-
tions, the exposure of train drivers to ELF-MF and SMF ex-
ceeded the threshold limits recommended by ACGIH. How-
ever, the effects of these fields should not be ignored be-
cause different studies have reported adverse health conse-
quences due to these fields, such as leukemia and Hodgkin
(20, 21). Therefore, it is required to limit and reduce expo-
sure as much as possible.
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Table 2. A comparison on ELF-MF and SMF Values in AC, DC, and ACi Trains

MF Type Trains Type Measurement Situation MD (I - J) SE P Value

(I) (J)

ELF

AC

Acceleration

In trip -0.27 0.15 0.32

Deceleration -0.10 0.15 0.90

Switching 0.34 0.17 0.20

In trip
Deceleration 0.16 0.15 0.73

Switching 0.61 0.17 0.004a

Deceleration Switching 0.45 0.17 0.05a

DC

Acceleration

In trip 0.25 0.10 0.06

Deceleration 0.09 0.10 0.75

Switching 0.28 0.11 0.06

In trip
Deceleration -0.15 0.10 0.42

Switching 0.033 0.11 0.99

Deceleration Switching 0.18 0.11 0.35

ACi

Acceleration

In trip -0.45 0.5 0.84

Deceleration 2.07 0.5 0.002a

Switching 2.21 0.6 0.003a

In trip
Deceleration 2.53 0.55 < 0.001a

Switching 2.66 0.61 < 0.001a

Deceleration Switching 0.13 0.61 0.99

Static

AC

Acceleration

In trip 0.01 0.01 0.75

Deceleration 0.06 0.01 < 0.001a

Switching 0.17 0.01 < 0.001a

In trip
Deceleration -0.05 0.01 0.009a

Switching 0.16 0.01 < 0.001a

Deceleration Switching 0.11 0.01 < 0.001a

DC

Acceleration

In trip -0.01 0.03 0.98

Deceleration 0.08 0.03 0.07

Switching 0.11 0.04 0.021a

In trip
Deceleration 0.10 0.03 0.028a

Switching 0.13 0.04 0.008a

Deceleration Switching 0.03 0.04 0.87

Abbreviation: MD, mean difference; SE, Std. error.
aSignificant at < 0.05.
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Table 3. A Comparison on ELF-MF and SMF Values in Various Types of Trains in Different Situations

MF type Trains type Measurement Situation

Acceleration In trip Deceleration Switching

MD (I - J) SE P Value MD (I - J) SE P Value MD (I - J) SE P Value MD (I - J) SE P Value

ELF

AC (I) -0.02 0.30 0.99 0.500 0.46 0.52 0.18 0.11 0.23 -0.08 0.02 0.006*

DC (J)

AC (I) -1.98 0.30 < 0.001* -2.16 0.46 < 0.001* 0.20 0.11 0.17 -0.11 0.02 < 0.001*

ACi (J)

DC (I) -1.96 0.33 < 0.001* -2.66 0.50 < 0.001* 0.01 0.12 0.98 -0.03 0.02 0.46

ACi (J)

t P Value t P Value t P Value t P Value

Static
AC

0.94 0.35 -0.30 0.76 1.89 0.06 -1.99 0.06

DC

Table 4. Comparison of Maximum SMF and ELF-MF Between Different Types of Trains

MF Type Trains Type MD (I - J) SE P Value

(I) (J)

ELF
AC

DC 0.16 0.17 0.62

ACi -1.09 0.1 < 0.001*

DC ACi -1.26 0.19 < 0.001*

Static AC DC 0.005 0.01 0.89
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