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of exposure.
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Residential exposure to magnetic fields generated by overhead high-voltage power lines, continues to be a mat-
ter of social concern and, for the scientific community, a challenge to model this exposure accurately enough to
reliably detect even small effects in large populations complexes. In any expression of the magnetic field inten-
sity, the source-receiver distance is a determining variable, especially in an environment closer to the electrical
installation and criticalwith the existence of significant unevenness in the terrain. However,MF exposure studies
adopt, due to their complexity, simplifications of realitywhere even sometimes the terrain relief and the buckling
of the line are not considered. The application of 3D techniques with Geographic Information Systems (GIS) al-
lows us to address this problem. This article presents a model for generating magnetic field intensity surfaces
from high-precision terrain elevation data. The series expansion of the Biot-Savart law to an infinite rectilinear
conductorwith variable height according to the catenary described by the cables usingArcGIS software is applied
to calculate the magnetic field. For the validation, 69 control points (1035 field measurements) were used in a
free urban area and another 28 points (420 field measurements) in a built-up urban area with complex relief.
Good estimates were obtained, although with differences in both areas. With MAPE 9.65% and 19.51%, R2 =
0.922 and 0.949, RMSE= 0.154 and 0.094 μT, respectively. Furthermore, 86% of the points were correctly classi-
fied according to usual exposure percentiles. However, the use of a 5 m resolution digital terrain model to obtain
high-precision elevation data was an indispensable condition for the good performance of our model. The result
as a continuous surface of magnetic field values at the real elevation of the ground can contribute significantly to
the development of new environmental and public health studies.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
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1. Introduction

The possible association of various serious diseases with prolonged
exposure to extremely low frequency magnetic fields (ELF-MF) such as
those produced by high-voltage overhead power lines (HVOPLs) has
been a matter of social concern for several decades (European Commis-
sion, 2010; Furby et al., 1988; Lienert et al., 2017; Porsius et al., 2014;
Repacholi, 2012). Since the late 1970s, a significant number of epidemio-
logical studies have been carried out (Ahlbom et al., 2001; Kokate et al.,
2016). Various pooled analyses (Ahlbom et al., 2000; Greenland et al.,
2000) showed an increased risk of childhood leukaemia associated with
relatively high-level values of residential exposure to these fields. Based
on these facts, in 2001 the International Agency for Research on Cancer
(IARC) classified low frequency magnetic fields as “possibly carcinogenic
to humans” orGroup 2B (IARC, 2002, 2013). This determination is applied
when epidemiological evidence is “limited” and there is no biophysical
mechanism capable of explaining the biological effects of magnetic fields
(MF) at environmental exposure levels (WHO, 2007). A recent review of
the scientific evidence available up toMarch 2015 (Schüz et al., 2016), has
maintained this risk assessment. Therefore, due to this lack of specificity
in the scientific community about the possible adverse effects of residen-
tial exposure to ELF-MF, it is necessary to continue research in order to
confirm or rule out whether the association observed in epidemiological
studies is due or not to a possible causal relationship (SCENHIR, 2015).

Spatial modelling of environmental pollutants is an important tool
for epidemiologists to analyse the effects of exposures at the population
level (Graham et al., 2004; Jerrett et al., 2010). In addition, in case and
control studies of exposure to ELF-MF, the use ofmodels based on calcu-
lated fields can reduce selection bias by not requiring the direct partic-
ipation of the subjects to take personal MF measurements (Feychting,
2014; Teepen and van Dijck, 2012).

One of the main obstacles that epidemiological studies must face is
the high difficulty of modelling the exposure to these fields. The inten-
sity of themagnetic field at any point in the space generated by an over-
head power line is a function of the intensity of the current in its circuits,
the geometrical configuration and arrangement of the phases and the
distance from that point to the conductors. The influence of this last pa-
rameter translates into a rapid drop in thefield as onemoves away from
the power line at the rate of the inverse of the square or the cube of its
value, depending on the wiring configuration.

Therefore, a geographical model for the estimation of magnetic field
values must aspire to have a completely three-dimensional consider-
ation, where the geometry of the line and its buckling, the terrain mor-
phology and in particular, the relative distance between the calculation
points and the electric line, are accurately reproduced and especially, in
its proximity.

The studies that are carried out on large populations adopt, due to
their complexity, certain simplifications of reality. The first studies were
based on a design known as the cable code or Wertheimer-Leeper (WL)
(Wertheimer and Leeper, 1979, 1982) that categorizes exposure based
on proximity to the closer overhead power line and according to a series
of related parameters such as voltage and wiring configuration. Later,
other studies based solely on proximity emerged (Feychting and
Alhbom, 1993). The one carried out in the United Kingdom (Draper
et al., 2005) became a referent by indicating an association between
dwellings close to overhead power lines with cases of childhood leukae-
mia and has been replicated in other large populations (Crespi et al.,
2016; Pedersen et al., 2014b; Sermage-Faure et al., 2013) and in combina-
tionwith other possible environmental risk factors, such as radon, air pol-
lution caused by traffic or pesticide exposure (Hoffmann et al., 2008;
Pedersen et al., 2014a; Reynolds et al., 2001). A recent study carried out
in California and the United Kingdom (Amoon et al., 2020) showed that,
in this region, horizontal distance alone represented a proxy for magnetic
field exposure within 100 m of the line. However, there are also several
studies that have reported that proximity andWL indicators are not ade-
quate predictors of exposure and that, therefore, the results of research
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carried out with these methodologies are not interpretable (Kheifets
et al., 1997; Maslanyj et al., 2009; Rankin et al., 2002).

On the other hand, the studies that have applied 3D calculation
methods generalize the catenary using common values for the clear-
ance, and the terrain is considered completely flat and horizontal. The
geographical relief is only considered at less than 50 m from the line
through estimates obtained in visits to the site (Swanson, 2008; Tynes
and Haldorsen, 1997) or they incorporate the topography by applying
a correction factor to the magnetic field values previously obtained
also from amodel without any elevation (Bessou et al., 2013). Other au-
thorsmake 3Dmodels by collectingdata from thepower line and the lo-
cations of the dwellings of interest using rangefinders and Global
Positioning System (GPS) (Vergara et al., 2015). Collecting field data re-
quires an investment of considerable resources and time.

In all these types of epidemiological studies, the calculation of mag-
netic fields is carried out using very specific software or provided by the
company that owns the power lines not always accessible to the scien-
tific community in general.

Geographic Information Systems (GIS) are a common toolwith great
potential in environmental health studies. In magnetic contamination
studies, the most common GIS applications include geocoding proce-
dures for case study addresses and control (Kheifets et al., 2015) hori-
zontal distance estimation of these cases to the power lines (Pedersen
et al., 2014b; Vergara et al., 2015) and the integration of results obtained
with other specific software (Najjar et al., 2009) for their subsequent
territorial analysis. Some studies have developed interactive applica-
tions integrated in GIS environments that allow calculating field values
using three-dimensional equations (Turgeon et al., 1998) andmodelling
magnetic field surfaces using 3D finite element mesh generators from
the power line input data (Joseph et al., 2018) although the terrain ele-
vation data is not incorporated.

In this work, a map of magnetic flux density values generated by
HVOPLs is developed from a 3D geographic model entirely by means
of a GIS, where an accurate representation of the catenary described
by the cables, as well as high precision topographic data for the entire
study area are included. In this way, the real distances between the
ground points and the power line, and consequently the magnetic
field for any terrain altitude, are reproduced with significant accuracy
even in areas with complex geographical reliefs.

The expression of the results as a continuous field of values not only
allows estimations of the magnetic flux density in the dwellings of case
studies and control, but also is a fundamental tool to follow government
recommendations for making electromagnetic exposure maps lines
available to the public (European Parliament, 2009) and for urban plan-
ning of safe distances from dwellings to power lines (PACE, 2011). Like-
wise, it provides input for any spatial multicriteria analysis of
environmental and health risk assessment where other pollutants of a
continuous geographical nature intervene, allowing to obtain more
complete maps of environmental quality.

Finally, the model has been validated by measurements in an urban
area with a wide variety of buildings and a complex geographical relief,
based on data provided by the company in charge of managing the line.

This document is structured as follows: Section2presents themethods
and materials used to model the magnetic field surface and its validation.
In Section 3, the results of the magnetic field values measured in the field
and the reciprocals modelled are collected, as well as the results corre-
sponding to the validation of the model. Section 4 includes the discussion
of the study; and Section 5 presents the general conclusions.

2. Materials and methods

2.1. Model

2.1.1. Magnetic field calculation method
To calculate the magnetic field, a useful method is used to estimate

exposure levels (Cruz-Romero, 2000) consisting of the series expansion
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of the Biot-Savart law applied to indefinite rectilinear conductors
(Kaune andZaffanella, 1992). To reduce the error caused by substituting
the catenary for a line, the height of this line is made to coincide with
that of the catenary for each point where it is measured (Mamishev
et al., 1996). The relative height between the calculation point and the
catenary is given by the difference in altitude between the point accord-
ing to the terrain and a section of the catenary produced by a transverse
plane that passes through the point (Fig. 1). The calculation points have
been set at 1 m above the ground, this being a recommended standard
(IEEE Std 644-1994, 1994; UNE 215001:2004, 2004). The expressions of
magnetic flux density B (μT) for various relative positions of the phase
conductors in a vertical double circuit are given by (1):

B ¼ μ0

ffiffiffi
3

p
d

2πr2
Ig for r>>d ð1Þ

where μ0 is themagnetic permeability of vacuum (4 π 10−4 T A / m), d is
the separation between phases (m), Ig represents a term that operates
the current of the circuits depending on the g configuration of the
phases (A), and r is the distance between the calculation point and the
geometric centre of the spatial arrangement of the phase conductors
(m), since in this way the magnetic field error is minimal (Cruz-
Romero, 2000).

This applied magnetic field calculation method assumes that both
circuits carry positive sequence currents, such as those in this study
(Fig. 2). This model considers phase transposition, although induced
currents in the ground and unbalanced currents induced in the circuits
have not been taken into account.

2.1.2. 3D modelling of the study area
Anurban area of the city ofMalaga (Spain)with a residential charac-

ter was chosen, which includes several schools and social services cen-
tres. The ground relief in the area is highly variable with orthometric
altitudes between 9.5 m and 240.16 m. The urban typology according
to the cadastral parcel includes buildings with multiple dwellings and
single-family dwellings.

This zone is crossed by a 2.5 km section of the “Montes-Centro”
HVOPL that connects the “Montes” electrical substation with the
“Centro” underground power line, by means of two 66 kV circuits
through eight spans. The delimitation of the study area was set at
1000 m from each side of the line.
Fig. 1. Representation of the relative height between the geometric centre o
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This distance ensures the reduction of the magnetic field raised
values generated by the reference overhead power line to negligible en-
vironmental values.

Some supports for the power line are located on hills that are diffi-
cult to access, sometimes surrounded by dense vegetation, while others
are located at street level. The line is a three-phase double circuit with
LA-280 conductors. The line charge data, as well as the supports coordi-
nates, towers height, spacing and phases arrangement, cross-arms
width and values of the cables mechanical tension were provided by
the company e-Distribución Redes Digitales S.L.U. responsible for the
installation.

In order to analyse in depth, the possible impact on thismodel of the
precision of the digital terrainmodel used to represent the ground relief,
two digital terrain models (DTM) were used: the “DTM05-LIDAR”with
a 5 m wide mesh, with altimetric accuracy defined by values between
0.25 m and 0.5 m of root mean square error of the elevation (RMSEz)
and with an estimated planimetric precision ≤0.5 m. The other one is a
digital terrain model “DTM25” with a 25-m-wide mesh, thus following
the same procedure as another similar study (Bürgi et al., 2017). Both
DTMs, with edition date 2015, were obtained from the National Air
Orography Plan of Spain. In this way, a catenary model was obtained
for each case.

The digitalization of the catenary projection was carried out by join-
ing the projections of the geometric centre of the phase's configuration
in each support.
f the conductors and the measurement point according to the catenary.

Image of Fig. 1
Image of Fig. 2
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To obtain the three-dimensional modelling of the catenary that de-
scribes the power lines, the line of each span was discretized as points
with a separation of 0.5 m. The orthometric altitude H (m) of each of
them in the curve they describe was calculated from their ordinate y
(m) in the local axes of the catenary, given by expression (2):

y ¼ c cosh
x
c
¼ c

e
x
c þ e

−x
c

2
where c ¼ T

p
ð2Þ

c (m) is the constant of the curve given by the relationship between
the mechanical horizontal component of the tension T (kg) and the
weight per unit of cable length p (kg / m); x (m) the abscissa according
to the coordinate axes of the catenary that pass through the vertex of
the curve at a distance c from it (Fig. 3).

The determination of the abscissa x (3) of any point is possible if the
abscissa X (m) of the midpoint of the span (4) and that of the supports
x1, x2 is previously known (5):

x ¼ x1 þ l1 or x ¼ x2–l2 ð3Þ

Being l1 and l2 (m) the horizontal distance from the point to supports
1 and 2 of its span, obtained for all the points of each span using a prox-
imity tool,

X ¼ c Asinhz ¼ c ln zþ
ffiffiffiffiffiffiffiffiffiffiffiffiffi
z2 þ 1

p� �

where sinh
X
c
¼ d

2csinh a
2c
¼ z

ð4Þ

x1 ¼ X−
a
2
;x2 ¼ X þ a

2
ð5Þ

where a is the span length (m), obtained during the digitization process
and d (m) represents the height difference of each span, given by the
difference in orthometric altitudes of the geometric centres of the cable
anchors. This altitudewas estimated considering the one corresponding
to the support base according to the digital model of the reference ter-
rain, the free height of the support and the distance between phases.
The transformation of the ordinate values of all the points of the cate-
nary to values of orthometric altitudes H (6) could be obtained once
both were known for a reference support of each span. The ordinate of
the supports was obtained with (7):

H ¼ yþ H1−y1ð Þ or H ¼ yþ H2−y2ð Þ ð6Þ

y1 ¼ c cosh
x1
c

;y2 ¼ c cosh
x2
c

ð7Þ
Fig. 3. Representation of the catenary in its local coordinate sys

4

With these equations, the ArcGIS software was able to obtain the
three-dimensional modelling of the catenary calculating the
orthometric altitude H of any of its points, where H1 and H2 have
been obtained by adding to the orthometric height of the base of
support 1 or 2, extracted of the DTM, the free height of that support
and the distance between phases, provided by the electricity
company.

The sag is dependent on several factors such as the cable
temperature, which is influenced by the ohmic heating itself or by
meteorological conditions, and by additional wind and snow loads,
the latter being exceptional in the chosen study area. The tempera-
ture variation (±25 °C) throughout the year can produce changes
of ±1m of maximum deflection. However, the most extreme periods
are short and although at maximum current charges the sinking of
the line is also the highest, usually the circulating intensities are
lower so that the geometric model of the line can be considered
time independent.

2.1.3. Magnetic field surface modelling
The modelling of the magnetic field surface was carried out from a

mesh of points. Three mesh densities were considered in order to com-
pare results: 5 × 5 m and 10 × 10 m where the orthometric altitudes
were derived from theDTM05, and oneof 25×25mwhere the altitudes
were interpolated with the DTM25. The interpolation method applied
was bilinear, since the elevation values are more adequately sampled
using this method (ESRI, 2016). The values of minimum geometric dis-
tance between the mesh points and the overhead power line were ob-
tained by means of proximity functions and the charge values of the
line were averaged over the measurement time period. The magnetic
field calculation for each point was carried out at one meter above the
altitudes derived from the DTM, a value commonly used both for mag-
neticfieldmeasurements and for its calculation in epidemiological stud-
ies of residential exposure.

For each mesh, a magnetic field surface was generated by applying
an inverse distance weighted (IDW) interpolation.

This interpolationmethod provides good resultswhen the data set is
abundant, they are homogeneously distributed, and their locations are
close as in this case study. Also, as it is an exact interpolator, it guaran-
tees that the input values are respected, and the result is always in-
cluded within the variation range of the data. In a comparison of
spatial interpolation methods for estimating electric field magnitudes,
the IDW obtained the best results (Azpurua and dos Ramos, 2010). It
was also used for the orographic evaluation of the magnetic field in
other magnetic induction field estimation software (Comelli et al.,
2007).
tem and referencing the ordinates at orthometric altitudes.

Image of Fig. 3
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2.2. Validation of the magnetic field surface

2.2.1. Magnetic field values measurement procedures
The objective of the validation procedurewas to obtain a representa-

tive number of magnetic field reference values. The first site chosen for
takingmeasurements within the study area was an urban free space on
the border with an urban residential area. The height of the lowest con-
ductors above the groundwas approximately 11m. The trajectory of the
catenary in this validation area presents a very gentle slope despite the
significant difference in level within the 100 m span.

69 points were reassessed in the field in 8 cross-sectional profiles 5
m apart from each other (Fig. 4).

Measurements weremade in each lateral transect from the centre of
the line at ±2.5 m, ±5 m, ±7.5 m, ±12.5 m and ±17.5 m. This maxi-
mum distance was imposed by the conditions of the terrain and the
nearby constructions. Themeasurement ofmagnetic flux density values
was carried out on Thursday, April 11, 2019 between 8:00 and 15:00 h.
The procedure followed met the standards in force for this purpose
(IEEE Std 644-1994, 1994; UNE 215001:2004, 2004).

Five measurements for each axis were taken in each location 1 m
above the ground and the exact time of themeasurement was recorded
for each of them. Other values such as ambient temperature and humid-
ity were also noted. The device used was a PCE-G28 triaxial magnetic
field meter operating in a frequency range of 30 Hz to 300 Hz, with a
resolution of 0.01 μT and a precision of “±4%+ 0.03 μT” in a measure-
ment range from 0.01 μT to 20 μT (PCE Instruments, 2014).

Given that one of the main objectives of this work is to develop a
methodology to obtain magnetic field surfaces applicable to epidemio-
logical studies, it seemed reasonable to also carry out a validation in a
Fig. 4.Measurement sites distributed in lateral transects to the power line in the urban free zone
zone (bottom figure).
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consolidated urban residential area. To this end, 28 street level control
points were defined near to dwellings accesses. Given that in urban
areas the measured values of the magnetic field can be influenced by
other sources of magnetic induction that are not directly observable, ef-
forts were made to select their locations as far as possible from man-
holes, control cabinets and other facilities. Likewise, the points were
conveniently distributed on themap in order to preserve the spatial in-
dependence of errors. This measurement period was carried out on the
same day between 16:00 and 20:00 h, also recording 5 values of mag-
netic flux density for each location and the exact time of the data mea-
surement. The map of these control points is shown in Fig. 4.

The resultant magnetic field at any location was given by the
expression:

B ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Bx

2 þ By
2 þ Bz

2
q

ð8Þ

where Bx, By and Bz are the root-mean-square (rms) values of the three
orthogonal field components.

2.2.2. Statistical evaluation of the model uncertainty
To evaluate the model reliability, a linear regression analysis and an

analysis of differences were performed between the observed and the
estimated values from each surface generated. The regression coeffi-
cient S, the determination coefficient R2 and the root mean square
error (RMSE) were obtained, as well as the mean relative error (MRE)
(9) with its standard deviation (SD) and the mean absolute percentage
error (MAPE) (10):
(top right figure) andmeasurement sites distributed in the consolidated urban residential

Image of Fig. 4


Fig. 5. Magnetic field surfaces generated by an overhead power line for a 25 m mesh (top) and a 10 m mesh (bottom).
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MRE ¼ 1
n
� B modelð Þ−B measuredð Þ

B measuredð Þ � 100 ð9Þ

MAPE ¼ 1
n
� B modelð Þ−B measuredð Þj j

B measuredð Þ � 100 ð10Þ

where the value of B (measured) at a given point is the arithmetic aver-
age of its five values registered during the observation, and the B
Fig. 6. 3D visualisation of the 5 × 5 m surface of magnetic field es

6

(model) value is the one obtained through a bilinear interpolation for
that same point from the calculated magnetic field surface.

The use of these two non-scale dependent error indexes is logical since
the order ofmagnitude of themeasuredmagneticfield valuesB (μT) varies
depending on the distance from the point of measurement to the power
line. In addition, they not only allow comparisons between the different
model results both within and outside each urban context examined, but
they allow also a more rigorous interpretation of their particular
timated at 1 m above the orthometric heights of the DTM05.

Image of Fig. 5
Image of Fig. 6


Table 1
Summary of results observed in the free zone and in the residential area.

Zone N B
Minimum (μT)

B
Maximum (μT)

B
Average (μT)

Urban Free 69 0.453 2.432 1.056
Urban Residential 28 0.048 1.297 0.449
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performance, since the results of the correlation alone are not consistently
related to the precision of the simulation model (Willmott, 1982).

3. Results

3.1. Modelled surfaces

Given that the current values in the conductors were averaged ac-
cording to the recorded values during the measurement period in
each validation zone, themodelled surfaces represent the average expo-
sure to ELF-MF during that time frame.

Fig. 5 shows an extract of the mesh obtained with 10 m resolution
(upper image) and with 25 m resolution (lower image) superimposed
on the magnetic field surfaces generated from of each one. Both surfaces
share categorization ranges ofmagneticfield values. This allows to observe
both theeffect of the terrain, that canbe appreciatedby the lackof symme-
try of themagnetic field surface along the axis corresponding to the layout
of the power line, aswell as the precision of the starting elevation data, ev-
idenced through a greater contour irregularity of the area that represents
higher values (red colour) when higher precision data are used.

The effect of the terrain becomes evenmore evident whenmaking a
representation of themagnetic field surface adjusted to its digital eleva-
tion model represented three-dimensionally (Fig. 6), where the influ-
ence of the ground relief combinedwith the line sag is clearly observed.

3.2. Measured values

8 lateral transects of the power line were obtained but only for 4 of
them (profiles number 5, 6, 7 and 8) the terrain and urban conditions
Fig. 7. Comparative graphs of the measured and modelled

7

of the area allowed an analysis with the same number of measurement
points. A summary of the results of the recorded measurements is
shown in Table 1, where the maximum value of 2.432 μT measured di-
rectly under the line tracing drops to aminimumvalue of 0.453 μT at ap-
proximately 17 m from it.

The observations in the urban residential area showed lower values
because the measurement points were located in wider ranges away
from the line, and the separation of the cables from the ground was
greater. The maximum value in this case was 1.297 μT measured next
to a support of the electrical line located on the pavement and the
minimum value was 0.048 μT at a horizontal distance of approximately
100 m from the electrical line.

3.3. Comparison of measured values with modelled values

The graphs of the registered magnetic field values at control
points arranged in profiles transverse to the line showed the irreg-
ularity of the terrain. The smoothing of the real slopes that takes
place in the digital terrain models provided more parabolic curves
for the modelled B values. Although the recording of values for
each control point was performed asynchronously, the variations
of the line charge data during each measurement period were
insignificant.

The comparison of the measured magnetic B values with those de-
rived from each surface can be seen in Fig. 7. It is observed that the
values derived from the surface generated with the DTM25 present a
more significant overestimation. The models made from the DTM05
showed a notable fit to themeasured values, the results being very sim-
ilar for the mesh of 5 × 5 m and 10 × 10 m.
magnetic field values in profiles transverse to the line.

Image of Fig. 7


Table 2
Results of the statistical analyses for the model validation.

Zone Model MRE
(%)

SD
(%)

MAPE
(%)

RMSE
(μT)

R2 S

Urban Free
(Transverse Profiles)
N = 69

Mesh space 5 × 5 DTM05 6.26 11.77 9.65 0.154 0.922 1.097
Mesh space 10 × 10 DTM05 3.71 14.22 10.71 0.181 0.889 1.233
Mesh space 25 × 25 DTM25 24.88 40.46 36.61 0.531 0.275 0.534

Urban Residential
(Random locations)
N = 28

Mesh space 5 × 5 DTM05 14.01 21.4 19.51 0.094 0.949 0.968
Mesh space 10 × 10 DTM05 14.02 21.9 20.24 0.103 0.931 0.995
Mesh space 25 × 25 DTM25 35.42 36.6 41.45 0.185 0.842 0.898
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It was also observed when comparing the data that, for the finest
models, from 17.5 m to the axis of the line, the differences with the ob-
served values became minimal and their curves tend to coincide very
closely from 12.5 m, especially on the far side of buildings.

From the results of the statistical analyses (Table 2) carried out for
the validation of the modelled surfaces, it was again deduced that the
behaviour of the model was significantly more precise when using the
digital terrain model with 5-m resolution (DTM05) as input. A signifi-
cant influence was not evident when generating the output with a
mesh space of 5 m or 10 m. The differences analysis in these cases
showed a very good response of the model in the urban free zone, al-
though a decrease in the simulation quality was revealed in the more
built-up area. The mean percentage error (MAPE) was doubled, its
values 19.51% and 9.65% (5 × 5 mesh) and 20.24% and 10.71% (10 ×
10 mesh). The difference between validation zones was less pro-
nounced for the 25× 25mesh,with 41.45% and 36.61% in the residential
area and in the free zone respectively. The positive MREs in all cases, for
both validation zones, indicated the tendency of the three surfaces gen-
erated to overestimate the B values, again with greater differences and
data dispersions in the residential area.

When the validation of the surfaces was carried out through cross-
sectional profiles, the surface with the highest resolution obtained an
MRE higher than that carried out with 10 m, with 6.26% (SD =
11.77%) and 3.71% (SD=15.22%) respectively. This is because, although
these results consider the global sense of the prediction, the errors in
each reference point can be both positive and negative, and it may be
the case that, even when these errors have significant magnitudes, the
value of the relativemean error can be close to zero because they cancel
each other.

In both cases, the results of the linear regression analysis showed an
excellent fit of the modelled data to those observed with R2 = 0.949
(5× 5mesh) andR2=0.931 (10× 10mesh). The latter surface presents
amean change in the estimated values. Slightlymore increased, accord-
ing to S= 1.097 (5 × 5mesh) and S= 1.233 (10 × 10mesh). However,
the fit of the model when working with ground data with 25 m resolu-
tion was poor, with R2 = 0.275 and S = 0.53, as well as the result of its
RMSE = 0.532 μT.

The behaviour of the model according to the data recorded in the
residential area showed good adjustment, in this case with values of
R2 between 0.943 for the 5 × 5 mesh and 0.842 for the 25 × 25 mesh,
as well as more homogeneous results between the different models
also for the RMSE. This homogeneity, which does not appear when ap-
plying the other urban simulation condition, may be because the differ-
ences in the B values are higher in this area, but the increase in these
differences between modelled surfaces when going down to the mini-
mum resolution tested is less marked, and also extreme values dissolve
faster in thicker resolutions (Pontius et al., 2008).

A better understanding of themodel behaviour in connectionwith the
distance to the centre of the power line was obtained from the scatter di-
agrams (Fig. 8) of the modelled values with respect to the measured
values. For the three proposed surfaces, it can be observed that the
Fig. 8. Scatter diagrams of the modelled magnetic field values versus those measured at
(right).
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adjustment tends to improve as the magnetic field values decrease,
both in the urban free zone and in the residential urban zone. It is also ob-
served that this gain is less pronounced within this last zone when the
models originated with different terrain elevation accuracies are
compared.

3.4. Adequacy of exposure levels

Given the possible applications of this work to future epidemiologi-
cal studies, it was considered of interest to explore the adequacy of the
control points classification to exposure percentiles commonly applied
in this type of study. These ranges were delimited by magnetic field
values: <0.1 μT; 0.1- <0.2 μT; 0.2- <0.4 μT; ≥ 0.4 μT (Ahlbom et al.,
2000; Greenland et al., 2000). Other subdivisions were added in the
lower levels of classification, corresponding to <0.02 μT and 0.02–0.1
μT included in the standard of the Institute of “Baubiologie &
Nachhaltigkeit” (IBN, 2015). Once the surfaces were reclassified accord-
ing to this categorization, it was examined through a spatial belonging
operation to assess how well these areas included the corresponding
observations. The result in the urban residential area was that for the
magnetic field surfaces generated from DTM05, 86% of the estimates
were correctly classified. For the DTM25-based surface, the correct fit
of the classification decreased to 71%. For the points distributed in tran-
sects lateral to the line, the correspondence was 100% in all cases, al-
though it must be considered that in this validation area all the
control points were very close to the power line, so the possibility of be-
longing to other exposure categorieswas very slim. Regardless of the as-
sumption, allmeasured valueswerewell below themaximumexposure
limits recommended by the European Union (European Commission,
1999).

4. Discussion

This work has shown that it is possible to generate with a reliable
relative accuracy a magnetic field surface generated by HVOPLs in a
complex urban area and that it can be addressed exclusively through a
Geographic Information System. The proposed procedure integrates a
simplified calculation method without the need to resort to specific
software to calculate magnetic field values, although it requires that
the geometry of the line and the terrain be considered and reproduced
from high precision data.

In this way, it is possible to provide not only values in representative
specific locations of cases and control for epidemiological studies, but
also to provide a representativemap of this continuous variable in a suf-
ficiently wide surrounding of the HVOPL to where the magnetic field
falls to negligible values. This represents a contribution to the develop-
ment of the exposure mapping to ELF-MF, neglected in this research
field (Kokate et al., 2016).

The magnetic field surfaces have been calculated at 1 m above the
ground of the studied area, although it is possible to apply the same pro-
cedure described in this work to obtain them at the same ground
the control locations in the urban free zone (left) and in the urban residential zone



L. Miravet-Garret, Ó.D. de Cózar-Macías, E.B. Blázquez-Parra et al. Science of the Total Environment 796 (2021) 148818

9

Image of Fig. 8
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elevation collected in the referenceDTM, and in general, towhatever al-
titude can be of interest.

It is important to bear inmind that the surfaces generatedwere only
representative when the heights of the bases of the power lines and the
groundwere derived froma 5×5m resolutionDTM. In a validation pro-
cess of a model for long-term exposure to magnetic fields generated by
overhead power lines carried out in Switzerland (Bürgi et al., 2017), the
need to use a high precision digital terrainmodelwas concluded. The re-
sults were also significantly more accurate when using a 5 × 5m DTM
rather than a 25 × 25 m DTM. This later model was used in this case
only to obtain the elevation of the HVOPLs supports.

When a higher resolution DTM was used for modelling, the mesh
density used to interpolate themagnetic field surface had no significant
repercussion in its quality. This observation is important when the
methodology proposed in this study is applied to large areas, because
the use of a lesser amount of interpolation points can reduce the pro-
cessing times considerably. Specifically, the IDW interpolation method
applied using the ArcGIS 10.7 software has a limit of approximately 45
million input points; although, it is possible to avoid this limit by inter-
polating the study area in several parts, ensuring that there is some
overlapping at the edges, and then creating a mosaic of the results to
generate a single large raster dataset (ESRI, 2016). The selected 5 × 5
mmesh covered 189,165 points and the 10 × 10mmesh, 47,303 points,
both for 1000m on each side of 2.5 km of power line. Thus, it would be
feasible for this model to cover the lengths of power lines from a na-
tional study, with 5 datasets being enough to address 10,000 km of
power lines with a breadth of 1 km on each side of them. An epidemio-
logical study carried out in the United Kingdom (Swanson, 2008) con-
sidered 7000 km of power lines and another carried out in France
(Bessou et al., 2013) covered 81,000 km of power lines. In addition,
the interpolation times of theDTMs orthometric heights, B values calcu-
lations and surfaces generation for meshes were of only a few seconds
and the proximity to the catenary analyses with an Intel i5-7200U desk-
top processor did not exceed five minutes. A 10-mmeshmagnetic field
surface generation performed for the Flanders region (Belgium) using a
QSIG plug-in (Joseph et al., 2018) required approximately 14 h with an
Inteli7–4770 processor, although without considering the elevation of
the terrain. On the other hand, it would also be possible to apply the
present methodology for case studies and disease control associated
with exposure to ELF-MF in large territories, generating meshes only
around the locations of interest where it is desired to estimate themag-
netic field, thus considerably reducing the number of points to be
processed.

Another relevant factor in the behaviour of the surfaces generated in
this work was the type of the urban area modelled. The mean relative
error in absolute terms went from 10% in a free urban area to 20% in a
consolidated urban area. Although the process for taking the reference
B values was carried out in different time periods of the same day for
each zone (morning and afternoon), the charge values of the power
line did not show in any case significant fluctuations that could affect
this difference in results. On the other hand, obtaining DTMs from
Light Detection and Ranging (LIDAR) data is especially complex in
urban environments (Chen et al., 2017) due to the truly diverse charac-
teristics of its surface such as heterogeneous building distributions,
trees, short walls or cables (Meng et al., 2010), which can have
repercussions in its quality and, therefore, in the products derived
from it.

There are also other important factors to consider. One was that in
the urban area there could be an uncontrollable presence of conductive
and/or magnetizable elements near the control points, much less im-
portant than when working in the open field. The study does not cap-
ture the effect of the earth, which becomes important at longer
distances. The values studied in the profiles perpendicular to the electri-
cal line were relatively close to it so this effect was negligible, while in
the second sample, there were locations where the image of the con-
ductor on the ground could have a certain effect on the error of the
10
order of 3% in exponential growth from 150 to 400 m depending on
the ground resistivity (Cruz-Romero, 2000).

The strength of themethod for calculating themagnetic fields gener-
ated by overhead power lines adopted in this work is that these values
can be easily determined by analytical means, but knowledge of the
phase configurations is essential, since the B values between one type
of configuration and another may differ by a factor of 5 (Bürgi et al.,
2017). In case of not knowing the disposition of the phases and/or in
complex electrical line layouts (intersecting lines, relatively close paral-
lel lines) it would be necessary to resort to 3D calculation methods
(Modrić et al., 2015). However, the integration of a three-dimensional
urban model in a geographic information system allows knowing,
through spatial analysis operations, the proximity of the study locations
to areas with lines that meet certain characteristics and, thus, consider
the most appropriate calculation method for each situation. Likewise,
in case of not having data for the line charge and the phases configura-
tion, this model allows obtaining precise Euclidean distances between
any point on the ground and the power line. These distances can be a
predictor of residential exposure to the ELF-MF even more representa-
tive than mere horizontal distance.

The maps generated in this work represent the average value of
magnetic field for the studied residential area in a time space of a spe-
cific day. In this sense, for its possible application in epidemiological
studies, it is still necessary to investigate the precision of the obtained
results when historical series of line charge values are considered. Cur-
rently, 85% of the points observed were correctly classified according to
an exhaustive number of magnetic field exposure levels.

Although the temporal approach does not make it completely com-
parable with this work, other authors (Vergara et al., 2015) who
assessed in their model the possibility of the erroneous classification
of the exposure having estimated it with 3D calculation methods, ob-
tained a 12% overestimation considering the single exposure percentile
≥0.4 μ. That same study also indicated a Pearson correlation coefficient
of 0.78 when comparing the calculated fields with those observed at
home visits. It improved to 0.90 when questionable observations were
excluded. In this study the agreement was somewhat higher and al-
though the sample was significantly smaller, 28 measurements versus
118, it was consistent with the scale of the study area.

Another model also developed to obtain long-term exposure esti-
mates showed deviations from the magnetic field measurements of ±
1–2% ± 8% (Bürgi et al., 2017), of ±7% ± 1ƞT (Swanson, 2008), both
for a profile transverse to the line in a non-built area.

In any case, this work provides another representation of how the
coefficient of determination (R2), although statistically significant,
does not necessarily evaluate the simulation capacity of a model for a
geophysical variable such as magnetic field, and that it is necessary to
provide other indicators that allow a more reliable interpretation of
the goodness of their predictions, such as the mean relative error and
the mean absolute percentage error.

In the literature, not only there is no consensus when it comes to
characterizing residential exposure to magnetic fields generated by
HVOPLs, but there is also no standardized procedure to assess the repre-
sentativeness of the proposed magnetic field models and to allow them
to be compared more closely. The presence of standards in this sense
that include guidelines on the validation procedure of these models
(samples according to different distances to the line, reliability indica-
tors to be provided, types of areas where to validate - urbanized or
not -, etc.) would allow this task and this would contribute to the devel-
opment of more precise models of exposure to ELF-MF.

The limitations of our study are mainly subject to the availability,
quality and processing of the data. If the geometric and mechanical pa-
rameters of the catenary are not available (free height of supports,
phase separation, mechanical tension of the cables), it is not possible
to carry out its three-dimensional modelling if this information is not
obtained from in situ measurements which might not be feasible in
large-scale works. If it is based on assumed values, it could affect the
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validity of the results. It is necessary to conduct and test this model con-
sidering common geometric values from de power line. On the other
hand, even having access to real data,modelling anelectric power trans-
mission and distribution line on a national scalemust entail a significant
effort. Also, although for this validation a complex urban area has been
chosen as a representation of the most unfavourable scenario, repeat
this work in areas with different environments, including densely vege-
tated countryside and homogeneous layouts of multistorey buildings, is
necessary to assess how generalizable this model is. Further testing in
clear and flat terrain is also needed to assess in which environments
our model is more accurate than others that do not consider the terrain
but apply methods for calculating MF intensity values more sophisti-
cated. Also, in the same way when historical series of line load data
are considered to obtain long-term exposure averages. Other limitation
regarding the method for calculate MF should need to be recognised.
The series expansion of the Biot-Savart law applied to indefinite rectilin-
ear conductors, even taking into account variable height according to
the catenary described by the cables, is only valid at distances larger in
comparison to the spacings between phases. Therefore, our model is
not suitable to study the MF exposure in ecosystems very close to the
conductors, such as bird nesting in electric power supports.

When it is possible to overcome these limitations, the results ob-
tained have shown that through the methodology applied in this work
it is possible to obtain preciseMFmaps, which could be used in environ-
mental policy to improve public information (European Parliament,
2009), urbanplanning regardingHVOPLs (PACE, 2011) and the compar-
ison of terrestrial ecosystems before and after a new installation and/or
located at different intensities of ELF-MF (SCENIHR, 2009).

5. Conclusions

Modelling the characterization of residential exposure to ELF-MF
generated by HVOPLs in large territories is an enormously complex
task that requires a significant investment of resources, especially
when studying the surroundings closest to these lines. Regardless of
whether it is done by estimating magnetic field values or by proxy
based on proximity, the high sensitivity of these fields to the distance
from their emitting source means that these distances must be
reproduced as accurately as possible. In urban areas of complex relief,
even if the sag of the overhead power line is reproduced, omitting the
consideration of the geographical relief can be a cause of ELF-MF errone-
ous estimates. On-site inspections or the application of terrain slope cor-
rection factors adopted by some studies can be reduced or eliminated by
digitally incorporating into the geographic modelling the terrain relief
for the entire area of interest.

In this work a model has been provided through a Geographic Infor-
mation System that solves this challenge and allows to obtainMF values
in specific geographic locations and maps at various scales. Also, it al-
lows addressing and investigating the characterization of residential ex-
posure to ELF-MF as the Euclidean distance between receiver-emitter
when line charge data is not available, thus refining the concept of
proximity.

The need to continue investigating the possible adverse health ef-
fects of these fields and their possible combined effect with other envi-
ronmental pollution factors, as well as the urban planning needs due to
the important expansion of many cities towards the surroundings of
high voltage electricitymeshes,make thiswork a tool of special interest.
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